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E-surface

Etotal

NOMENCLATURE

+ +
constant in program correlation for A or B , or constant

in constant eddy diffusivity model, or coefficient in transformed

equation (4.7).
production constant, turbulent kinetic energy equation.

damping constant, van Driest damping function (see equation
2.24 for correlation).

constant in program correlation for A+ or B+ , OT constant
in constant eddy diffusivity model, or coefficient in trans-
formed equation (4.7).

generalized x-direction body force, momentum equation.
dissipation constant, turbulent kinetic energy equation.

damping constant, Evans damping function (see equation 2.24
for program correlation).

+
constant in program correlation for A+ or B , or constant
in variable turbulent Prandtl number model, or specific heat
of fluid, or coefficient in transformed equation (4.7).

constant in differential lag equation to compute effective

P+ or V + .
o

friction coefficient, gc‘ro/(pololi) s OT gc‘to/;ﬁz) for pipe
and channel flows.

coefficient in transformed equation (4.7).

damping function to suppress mixing length in the region
immediately adjacent to a wall, equation (2.22) and (2.23).

dissipation term, turbulent kinetic energy equation.

see Figure 4.1,

* .
total energy flux boundary condition at a wall, ﬁglo + q

(see Figure 2.2).

local gravitational constant to determine free-comvection
body force.

proportionality constant, Newton's Second Law.

fluctuation in static enthalpy.



*x!

i fluctuation in stagnation enthalpy.

I static enthalpy of fluid.

I-surface see Figure 4.1.

T stagnation enthalpy of fluid, I + UZ/(ZgCJ).

I*+ non-dimensional stagnation enthalpy, (Io*—I*) UT/(a;/po)'
J conversion constant, mechanical to thermal energy.

Jq diffusion term, turbulent kinetic energy equation.

k thermal conductivity of fluid.

') mixing-length (see section 2.3.1)

mass flux at I or E surface (see Figures 2.2 and 4.1).

Nu Nusselt number, pipe and channel flow, St + Pr * Re.

P thermodynamic pressure.

ph non-dimensional pressure, gcvo(dP/dX)/(DoUi)

Pet turbulent Peclet number, program correlation for Prt .

Pr Prandtl number, uc/k .

Preff combined laminar and turbulent Prandtl number, equation (2.14).

) Prt turbulent Prandtl number, EM/&:H (see equation 2.37 for program

correlation).

q" combined laminar and turbulent heat flux, Figure 2.2 and
equation (3.2).

q+ non-dimensional heat flux, a"/ﬁg .

q2/2 turbulent kinetic energy

r radius

Re pipe or channel flow Reynolds number, equation (3.29).

Rey enthalpy thickness Reymolds number, 4, LAAV

Re, momentum thickness Reynolds number, 4, U, /Yy,

Retran Reynolds number (Re or ReM) for transition from laminar
to turbulent flow.

8 generalized energy source, stagnation enthalpy equation.

vi



non-dimensional generalized energy source, .vos/(&;UT) .
energy source term, stagnation enthalpy equation, UX/J + 8 .

turbulent Schmidt number, eM/Eq .

. x _* say = Kk
Stanton number, q:/{mew(Io-Im)} , Or q;/{th(Io-I ).

longitudinal free-stream turbulence intensity,qzsiil U, -
fluctuation in U component of velocity .

velocity component in x-direction.

shear velocity dgc‘ro/po .

nop-dimensional U velocity component U/UT .

fluctuation in V component of velocity .

velocity component in y-direction.

non-dimensional V velocity component at wall, VO/UT or
(m;/po)/ur .

by U /(g T3
distance along surface (see Figures 2.1 and 4.1).
non-dimensional x distance, x.UT/\)o .

body force term, momentum equation, %E + bf . £
)

non-dimensional body force term, gc\Jox/(pOUT
distance normal to surface (see Figures 2.la and 4.1).
non-dimensional y distance, yUT/\J° .

angle between surface tangent and axis-of-symmetry line
(see Figures 2.la and 4.1), or constant in intermal cor-
relation for Prt .

power-law coefficient velocity equation slip scheme.
p$wer-1aw coefficient; diffusion equation slip scheme.
displacement thickness, equation (3.22a).

momentum thickness, equation (3.22b).

boundary layer thickness where U/U_ = 0.99 .

vii



A enthalpy thickness, equation (3.22c).

2
EH eddy diffusivity for heat.
EM eddy diffusivity for momentum.
€q eddy diffusivity for turbulent kinetic energy.
K B Karman constant, mixing-length model.
A outer length scale constant mixing-length model.
Ao program input value of A .
H dynamic viscosity of fluid.
ueff combined laminar and turbulent viscosity, equation (2.6).
ut non~-dimensional viscosity, ueff/uo .
v kinematic viscosity of fluid.
p density of fluid.
T _ combined laminar and turbulent shear stress, equation (3.1).
T+ non~dimensional shear stress, T/T° .
$ generalized dependent variable in transformed equation (4.7).
¥ stream function coordinate.
w non-dimensional stream function coordinate.

Subscripts

axi axisymmetric (see section 3.6),

d downstream edge of finite-difference control volume.

e edge of shear layer, equation (2.18).

eff effective value.

fp "flat plate" value, without transpiration or pressure gradient.
eq equilibrium value, equation (2.25).

N number of stream tubes.

:} wall value.

t turbulent value.
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u upstream edge of finite-difference control volume.
b free-stream value,

2.5 join-point value.

Superscript

overbar time averaged quantity, or bulk mean value (Section 3.7).
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Chapter 1

INTRODUCTION

In recent years it has become practicable and popular to compute turbu-
lent boundary layers using finite-difference techniques and the digital com-
puter. These techniques have now been developed to the point where one can
readily develop one's own program for particular applications, and numerous
workers have described their programs in the literature and have made listings
or card decks avallable to others. There is no question that the development
of one's own program is a tedious process and the programs become sufficiently
complex that a great deal of development effort is usually required. For the
user who doesn't expect to devote a great amount of time (and money) on a pro-
gram it is often more practicable to make use of someone else's program, pro-
vided that the program is sufficiently well documented that it can be used
intelligently.

It is the objective of this report to describe one such program which
has gone through a considerable period of development, and which has been
found ugeful in connection with an experimental turbulent boundary layer re-
search program at Stanford University. Enough people have asked for copies of
this program that it seems worthwhile to provide in a more formal way the doc-
umentation that 1s really necessary if the program is to be used properly.

No claim of superiority is made; in fact, there is no question that
there are other programs developed for particular applications that are faster
and are in some cases even more precise. However, this program is believed
to be unique in its degree of generality, in the large variety of different
kinds of problems that can be handled, and, in particular, in an input-output
scheme that makes it possible to handle a great variety of problems without
touching the deck. Very minor modifications in the deck open up a whole realm
of additional possibilities.

The original basic program from which this one was developed was the
Patankar/Spalding program described in their 1967 book [1]. Much of that pro-
gram will be recognized in this present version, and a complete understanding
of all the details of the present program may require reference to that publi-
cation. However, it is hoped that this description will be sufficiently com-

plete to make further study unnecessary in most cases. A later revision of
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the Spalding program was published in 1970 [2] in which a number of important
improvements were made. Some of these improvements have been incorporated in
the present version, and it is our belief that the present version suffers in
comparison only with respect to size and speed, and perhaps in accuracy for
some unusual types of problems. The largest source of inaccuracy and uncer-
tainty in turbulent boundary layer finite-difference procedures lies in the
methods used to model the turbulence, and this has nothing to do with the
computational procedure.

The basic features of the program will now be described, and then elabo-
rated upon in the chapters that follow.

The program is designed to solve two-dimensional parabolic differential
equations only, i.e., the boundary layer equations incorporating the usual
boundary layer approximations. The eddy diffusivity concept must be used in
modeling the turbulent stresses, although beyond that point there is great
flexibility. The program does not handle re-circulating flows.

The program solves the momentum equation of the boundary layer, as a
minimum, plus any number of diffusion equations, all simultaneously. The list-
ing presented in the Appendix is dimensioned to a maximum of five diffusion
equations, and the output routine handles only five, but it is a simple matter
to increase this number if desired.

_ A coordinate system for axi-symmetric flows is used so that a large variety
of flow types can be accommodated by simple manipulation of variables in the
input routine. These include the boundary layer on a flat plate, flow inside
nozzles and diffusers (for a prescribed potential flow distribution), flow over
axi-symmetric bodies, both developing and fully developed flow inside circular
pipes and flat ducts, circular and flat jets and free-shear flows. As pres-
ently set up, the program provides for one wall surface, and thus the duct-flow
problems are limited to simple pipes and flat ducts with symmetrical boundary
conditions. In principle there is no reason why two walls, such as are encoun-
tered in circular tube annuli, cannot be handled, but this does require some
additional program modification.

The program solves laminar boundary layers as well as turbulent boundary
layers, and provision is made for a transition from a laminar to a turbulent
boundary layer based on a momentum thickness Reynolds number criterion. Solu-

tioh of laminar boundary layers is of necessity slower than is possible with



programs developed for laminar boundary layers alone, because the program was
developed for the more complex turbulent problems. _

Fluid properties are treated as variable with the propertiles of any .
particular fluid supplied through a separate subroutine. In the present pro-
gram listing the only fluid properties provided are those of air (essentially
the Keenan and Kaye Gas Tables). Properties of other fluids may be intro-
duced by attaching additional property subroutines. Fluid properties may also
be treated as constant, in which case the properties are introduced directly
into the input routine. The types of problems that can be handled with the
present listing are obviously limited by inclusion of only the properties of
air. For example, the program could readily solve a binary diffusion problem,
together with heat transfer, but it would be necessary to append an additional
properties subroutine unless the constant properties mode is deemed adequate.

Viscous dissipation in the energy equation is included as an option con-
trollable through the input routine, so high velocity flows can be readily
solved. Provision is also made for introducing axial body forces and internal
heat generation. A particular provision is made to introduce an axial gravity
force, and this together with the variable property option allows solution .of
both laminar and turbulent free-convection problems.

In principle the chemically reacting boundary layer may be solved to .
various degrees of approximation, but this does require the addition of source
terms which are not included in the present listing.

Any kind of initial conditions can be accommodated, and the boundary con-
dition possibilities using the input routine, while not infinite, are neverthe-
less large. Free-stream velocity, rather than pressure, is treated as a
variable boundary condition, and heat and mass flux along a wall may assume
any values. Alternatively, wall enthalpy (or concentration in the case of mass
diffusion) and mass flux may be treated as independent. In the case of duct
flows there is no free-stream and pressure 1s computed as a depéndent variable.

Several possibilities for turbulence modeling are included and can be
activated in a simple manner in the input routine. The Prandtl mixing-length
scheme may be used throughout, or, alternatively, a one-differential-equation
turbulent kinetic energy scheme may be used for the flow outside the sublayer
region. This alternative involves solution of the turbulent kinetic energy
differential equation of the boundary layer, which is simply another diffusion

3



equation. As another-possibility, eddy diffusivity in the outer part of the
boundary layer may be evaluated as an empirical function of Reynolds number,

In all cases a mixing-length scheme is used to calculate the sublayer near the
wall, and two possibilities are programmed. In one the Van Driest exponential
damping function is used, while in the other the Evans linear damping function
is used. Internal empirical correlations for the damping constants to account
for effects of pressure gradient and transpiration are contained in the pro-
gram, or, alternatively, the user can supply his own constants. Other varia-
tions in the turbulence physics can be quite easily made, but this does require
some re-programming.

The energy equation, and any other type of diffusion equations, is solved
through the concept of turbulent Prandtl number (or turbulent Schmidt number).
The program contains an internal calculation for turbulent Prandtl number as a
function of turbulent Peclet number, which gives reasonably good results over
the.entire spectrum of Prandtl number, including the liquid metal region. Al-
ternatively, the user may specify his own turbulent Prandtl number.

The concepts of "slip" values at the wall and a '"Wall Function'" are em—
ployed, allowing the use of a relatively coarse grid in the direction normal
to a wall surface. The region adjacent to the wall is computed by numerically
" integrating the Couette flow forms of the boundary layer equations, but with
physics input identical to that used outside the wall region. This option can,
however, be bypassed, but at the cost of a greatly increased number of grid
points near the wall. The Wall Function is especially useful in high Reynolds
number applications where the number of cross-stream grid points can otherwise
become excessive,

The program is "almost" independent of any particular dimensioning sys-
tem. It would be completely independent were it not for the fact that the
property subroutine for air which is packaged with the program is based on Btu,
ft, lbm units. The dimensioning system to be used 1s designated in the input
routine by two constants.

Finally, a word about the differencing scheme employed is in order, be-
cause in this respect it differs from many other programs. A fully implicit
scheme is employed for the main dependent variables (velocity, enthalpy, mass
concentration, etc.), and this, together with the fact that the conservation

equations are always satisfied, in principle allows large forward steps to be



taken without stability problems. However, fluid properties and turbulence
properties are handled explicitly, and if these are changing markedly in the
flow direction it is not possible to take large forward steps without stability
and accuracy problems. The advantage is that nowhere is iteration required.
This restriction to relatively small forward steps (typically about one or two
boundary layer thicknesses) 1s not necessarily disadvantageous, because one of
the reasons for making finite-difference calculations is that variable bound-
ary conditions can be easily handled, and there is often a need for output
data, such as heat flux, at frequent intervals along a surface. Both of these
requirements dictate a small forward step size anyway.

The remaining chapters of this report will now expand upon this brief
description, culminating in detailed instructions about how to set up a problem
and use the input routine. It might well be noted here, however, that the in-
put subroutine (which is actually packaged at the end of the program) contains
very extensive descriptive comments, suggestions, and instructionms, and is thus

a convenient summary of much of this report.



Chapter 2

DIFFERENTIAL EQUATIONS AND TURBULENCE MODELS

2.1 Convective Transport Equations

The types of flows modeled by STANS are those described by the parabolic
boundary layer equations, which include the continuity, momentum, and stagna-
tion enthalpy equations. They are written to describe flow of a turbulent, com-
pressible fluid over an axi-symmetric body. All equations have been time-
averaged, and in the equations all dependent variables and properties are
either mean quantities or fluctuating quantities (as denoted by primes).

They are also applicable to laminar flows, in which case the turbulent stress
and heat flux are ignored. Figure 2.1 describes the coordinate system and
typical velocity and stagnation enthalpy profiles. Note the coordinate system
is written in terms of the independent variables, x and y. The radius, T,
is a transverse radius of curvature and is related to y as shown in Figure
2,1(a), and the longitudinal radius of curvature is neglected (i.e., oa(x) 1in
Figure 2.1(a) varies slowly with x).

2.1.1 The Continuity Equation

The time-averaged continuity equation for this coordinate system

is given by
2 (rpU) + 2 (rpV) = 0 (2.1)
9x 3y ) '

In the above equation and the momentum and energy equations which follow, ther-

modynamic quantity-velocity fluctuation correlations are neglected.

2.1.2 The Momentum Equation

The time-averaged momentum equation in the x-direction is given by

U au o, & 13 A _ o7
pU S + pV 3y 8¢ an + T By [}(u 3y puv )]-+ ch . (2.2)

In the program, the body-force term in equation (2.2) is decomposed into

X = Q.E.+bf , (2.3)
gc



(a) Coordinate system

4\
—“-j ,
7
7

(b) Velocity and stagnation enthalpy profiles

Figure 2.1. Notation for the differential equations and profiles.



where the first term is a free convection body force in the positive x direc-
tion and bf is a generalized, x-direction body force with units of (force/unit
volume). The bf term might be used to model magnetochydrodynamic body forces.
Pressure gradient is computed forﬂpipe/channel flows as described in [1,2].
For flows over a surface dP/dx 1is computed in terms of the free-stream velocity

and body force,

@)y 5 ) 4

B \dx) = Pwle Gx ~ 8K - (2.4)
" In the momentum equation, the turbulent shear stress, -u'v', 1is modeled

using the eddy diffusivity for momentum, €yr 35 defined by
U
ToT = ¢ 8 _ t3U (2.5)
M 3y p 3y ’

where He is the turbulent viscosity. The laminar viscosity combines with the

turbulent viscosity to obtain an effective viscosity

Hoge = (u+ut) = p(v+€M) . (2.6)

Combining equations (2.2), (2.5), and (2.6) yields the final form for

the momentum equation that is programmed.

au oU dP . 1 3 3y
U+ oY 3y . 8e ax I oy [}ueff B#] tex . 2.7)

2.1.3. The Stagnation Enthalpy Equation

The time-averaged stagnation enthalpy equation is given by

* * 2
I 3T _ 1.3 k3l - TRy, u 3 (U
pU o + pV 3y - T3y Tl 3y pi™'v' + gcJ 3y \ 2 + S (2.8)

* ) *
where I is the stagnation enthalpy of the fluid, defined as I =1 +
U2/2gcJ, and I 1is the static enthalpy.

In the program, the energy source term in equation (2.8) is decomposed

into

UX
S = T+S (2.9)



where the first term is work done against x-direction body forces and s 1is
a generalized source (energy rate/unit volume). The s term might be used:
to model Joulean heating for an electrically conducting fluid or nuclear heat-
ing.

v,

-_—
In equation (2.8), a model for -1 'v' 1is required. The term is a

correlation involving fluctuations in stagnation enthalpy and cross-stream

velocity, and is approximated as

-1 'v! =z ~i'v' + y(-u'v") |, (2.10)

where i' is fluctuation in static enthalpy. The turbulent heat flux,

-i'v',

is modeled using the concept of eddy diffusivity for heat, Ey» as
defined by
k /e
91 t' ")oI
-1 ? = — = —

i'v €y 5y ( 5 )3;' , (2.1D)
where kt is the turbulent conductivity. The eddy diffusivities for heat and
momentum are related through the turbulent Prandtl number,

€
Pr, = — (2.12)
H

The laminar conductivity combines with the turbulent conductivity to form

an effective conductivity (divided by specific heat, c),

k = k(X)) | (2.13)
¢ eff ¢ ¢ t )

Equations (2.6), (2.12), and (2.13) are combined to form an effective Prandtl

number,
€
M
eff v .
Pr = (2.14)
eff (k/¢) £F 1 . €y 1
Pr v Pr

t
Equations (2.5), (2.10), (2.11), and the definitions for Vegs and

Pre are combined with equation (2.8) to give the final form of the stagna-

ff
tion enthalpy equation that is programmed.



31 31 1o | [Vers or*
) 3L _ 1.3 ) {leff 31
PU 9x eV 3y  r dy rl_Pre ay
(2.15)

£

u 2
+ efJ (1-1’1’1 )_32_(%_) *S
) e eff!

2.2 Boundary Conditions

For boundary layer flows in which there are a wall and a free stream,
e.g., flow over a flat surface or a body of revolution, the boundary condi-

tions for the momentum equation are given by

U(x,0) = 0 , (2.16a)
V(x,0) = ﬁg(x)/o , (2.16b)
Lim U(x,y) = U_(x) , (2.16¢)
yqoo

where m"o(x) is wall mass transfer per unit area due to fluid injection or
suction.

Boundary conditions for the stagnation enthalpy equation are given by

% *
I (x,0) = IO(X) , or
* (2.164)
T - - l(_ aI gxzoz - T
q (X,O) C ay qo(x) s
* *
Lim I (x,y) = I, (constant) . (2.16e)

y-m

The wall boundary condition (2.16d) is either a level or a flux. For both
cases, if there is transpiration at the surface, the transpired fluid is as-
sumed to leave the surface in thermal equilibrium with it. If a flux boundary
condition is specified, then the program requires specification of the total
energy flux from the surface. This is related to the surface heat flux, a;(x)

as shown in Figure 2.2 for a differential element of surface area.
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I 1- +y DIRECTION
rr-———-—= T
I

E (x)yoTaL = Mo I5 + 4o

Figure 2.2. Wall flux boundary condition.

Boundary layer-type flows with a wall and a line of symmetry, e.g., flow
in a circular pipe or a flat duct, have the following boundary conditions at

the centerline, y = 0, and wall, y = L

Ulx,r) = 0, (2.17a)
V(x,r) = 0 , (2.17b)
égéifgl =0, (2.170)
x *
I (x,rw) = Io(x) , or
(2.17d)
Q"Ge,r) = oanx)
%
31 (x
s = 0. (2.17%)

Because such flows are confined flows, the pressure gradient must be determined.
This is accomplished indirectly in the program by linking it to conservation of
mass: a pressure gradient is computed to conserve the mass flow rate as the
momentum equation is integrated in the x-direction.

Boundary layer flows with a free surface and a line of symmetry, e.g.,
jets and free shear flows, have the following boundary conditions at the center-

line, y = 0, and the edge of the shear layer, L
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2x0) L g (2.18a)

3y
V(x,0) = 0 , (2.18b)
Li = .
r%? U(x,r) Um(x) , (2.18c)
*
él—éfzgl =0 , (2.18d)
* *
Lim I (x,r) = I, (constant) . (2.18e)
r

e

2.3 Turbulent Shear Stress

Turbulent shear stress is modeled using the eddy diffusivity for momentum.

The program incorporates three optiomns for modeling ¢ as follows.

M!

2.3.1 Prandtl Mixing-Length Model for EM
The Prandtl wmixing-length model relates eddy diffusivity for momen-

tum to the mean velocity gradient by defining a mixing-length, £, such that

e = 22 au!

M 3y (2.19)

The mixing-length for the region near the wall but outside the viscous

region immediately adjacent to the wall is given by

2 = KY . (2. 20)

A suggested value for «x 1is 0.4l.

Iomediately adjacent to the wall, the viscous sublayer is modeled by
introducing a damping function, D , that effectively suppresses the linear
dependence of equation (2.20), With the damping function, the mixing-length

for the viscous region becomes

2 = xyD . (2.21)

12



Two damping function options are available in the program. The first

type is the Van Driest damping function,
+ +
D = 1.0 ~ exp[-y (volv)/A 1, (2.22)

+ . '
where y (volv) is the non-dimensional distance from the wall, expressed in Ywall
coordinates", defined in Section 3.2, and A’ 1is an effective sublayer thick-
ness defined in an analogous manner. The second type of damping function in

the program is the Evans damping function,

Y+(vo/v)/B+ , y+(v°/v) 5_B+
D = + + (2.23)
1.0 , y (vo/v) > B

where B+ is an effective sublayer thickness.

The effective thickness of the viscous sublayer is probably the single
most important parameter in computation of turbulent boundary layers. The sub-
layer, though comprising a very .small fraction of the total boundary layer.
thickness, is the region where the major change in velocity takes place and,-
except for very low Prandtl number fluids, is the region wherein most of the
resistance to heat transfer resides. If this region is modeled accurately,
only a very approximate scheme is needed throughout the rest of the boundary
layer. %
Thickness of the sublayer is evidently determined by viscous stability
considerations. The experimental evidence is that a favorable pressure gradi-
ent (dP/dx negative) results in increased thickness, while an adverse pres-
sure gradient has the opposite effect. Transpiration into the boundary layer
(blowing) decreases the thickness, if 1t is expressed in non-dimensional wall
coordinates, while suction has the opposite effect. Surface roughness, while
not a subject of this paper, causes a thinning of the sublayer.

The effects of pressure gradient and transpiration on Af or B+ are
conveniently expressed in terms of a non-dimensional pressure gradient param
eter; P+, and a non-dimensional blowing parameter, V:, both of which can
be either positive or negative. In both of these parameters the main argument
is normalized with respect to the same wall coordinate parameters as is the

+ +
effective sublayer thickness A or B .

13



The functional dependence of A+ upon P+ and V: has been deduced
experimentally by examination of a very large number of velocity profiles ob-
tained at Stanford [3]. This functional dependenbe can be directly related to

B+, and both can be expressed algebraically as

A+ A; or B;
= P 3 , (2.24)
B+ + P+
a Vo + b __—__—I) + 1.0
1+ cV
o
where
. +
a = 7.1 1if V> 0.0, otherwise a = 9.0;
b = 4.25 if PT < 0.0, otherwise b = 2.9;
+ .
c = 10.0 if P < 0.0, otherwise ¢ = 0.0.
+ +
A tecommended value for Afp and pr are 25 and 35, respectively.

Equation (2.24) is plotted on Figure 2.3 for A+, and in the graph the
effects of pressure gradient and transpiration can be clearly seen. Note that
a strong favorable pressure gradient forces A+ to very high values, and that
blowing lessens this effect, while suction increases it. 1If A+ becomes very
large, the viscous sublayer simply overwhelms the entire boundary layer, re-
sulting in re-laminarization. The thickening of the sublayer caused by a
favorable pressure gradient (accelerating flows) results in a decreased Stan-
ton number simply because the major resistance to heat transfer is in the}
viscous sublayer.

A+, as represented by equation (2.24) and Figure 2.3, has been evaluated
under essentially equilibrium conditions, i.e., conditions under which V:
and/or P+ are invariant or, at worst, are varying only slowly along the sur-
face. This 1s the case of inner region equilibrium. It is probable that when
a sudden change of external conditions is imposed, the inner region comes to
equilibrium more rapidly than the outer region, although this has not been
proved. In any case, under non-equilibrium conditions where V: or P+ are
changing rapidly, it has been observed that the sublayer does not change in-
stantaneously to its newvéquilibrium thickness, i.e., A+ does not immediately

14
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Figure 2.3. The variation of the damping constant, A+,
with V. and PT,

+ +
assum= its new equilibrium value. Since A = A (V:,P+), lag equations ofi

the form (suggested by Launder and Jones [4]) 5

+ + +

dvo eff _ (vo,eff i o,eq)
_:_+ = - (2.25)
dx C

are solved to simulate the effect. The term V+,eq is the local blowing
parameter, and V o,eff is its effective value, used to compute the damping
constant. A similar equation 1s solved for P The recommended value for
C is 4000. '
In the boundary layer momentum equation (2.7), the body force term, X,
must exert some influence upon the viscous sublayer thickness. In the program
{t is assumed that the influence of X wupon the damping coefficient is simi-
lar to the pressure gradient. Thus a non-dimensional body force, X s 1s
computed, and the algebraic sum (P - X ) is used in place of P to evalu-

ate an equation of the form of equation (2.25) for P off"
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The outer region of the flow, referred to as the wake region, is modeled
using a mixing-length directly proportional to the boundary layer thickness.
The program input variable FR determines the thickness as 6(1.00—FR)’ with

a recommended value of 0.01 for FR.

g = XS (2.26)

.99
A recommended value of X is 0.085. The outer region is defined as y >

kd.ggln.

) There is some evidence that the effective value of A 1is larger than
0.085 for boundary layers in which the momentum thickness Reynolds number is
less than 5500. This may be a result of the fact that at low Reynolds numbers
the sublayer is a larger fraction of the boundary layer and the approximation
of a constant mixing-length over the remainder of the boundary layer is less
valid. For strong blowing, even at low Reynolds numbers, A again appears
to be close to 0.085, and this is consistent with the above explanation be-
cause the sublayer is then thinner. The following equation has been found to

describe the observed low Reynolds behavier of ) quite well.
-1/8
A o= 2.942 Ao ReM (1.0 - 67.5 F) , (2.27)

where F = DOVO/DmlI.m and Ao is the program input value. If X becomes less

than Ao , 1t 1s set equal to Ao .

2.3.2 Turtulent Kinetic Energy Model for Em
The Prandtl mixing-length is essentially an equilibrium model that

can handle turbulent flows with slowly changing boundéry conditions, For
strongly non-equilibrium boundary layers (especially under adverse pressure
gradient conditions or when there is an appreciable amount of free-stream tur-
bulence), a higher level of closure model for the turbulent shear stress is
desirable. The turbulent kinetic energy model (TKE model) relates a velocity
scale-length scale product to the eddy diffusivity for momentum,

b A
£, = -‘f- - (—;-)W% , (2.28)

M
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where q2/2 is the turbulent kinetic energy of the flow.and £ is the mixing-
length, as defined by equations (2.21) or (2.26).

Actually, the TKE model incorporated into the program is a hybrid model;
the Prandtl mixing-length model for €y is used in the near-wall viscous re-
gion and the TKE model for y+ > 2A+ or y+ > B+. In principle, the TKE
modelﬂmay be applied in the viscous region, but this requires modification to
the length scales for production and dissipation. At present there are no
provisions in the program for computing TKE in the viscous sublayer region.

Turbulent kinetic energy of a flow is computed in the program by solving

a differential equation of the form

2 2
3(a°/2) . . 3(g%/2) . _ ==+ U _ 13
PU =5 =5 + oV 5y pu'v' '&+r3y (x) - (2.29)
In the TKE equation, the production term (the first term to the right of the
equal sign) is modeled from equations (2.5) and (2.28), and given by

A 2
-pu'v U, p(—f) 2 V-‘lz— (ﬂ) . (2.30)

Jy oy

The dissipation term, 491 is modeled as
b =0 (B x) L2 (2.31)

where k _1is the von Karman constant.
Bq is the dissipation constant, and it is related to Aq by requiring

production to equal dissipation in the logarithmic region near the wall.
B = —3 . (2.32)

For k = 0.41, suggested values for Aq and Bq are 0.22 and 0.38, respec-

tively. : )
The diffusion term, Jq, is modeled as

2
i} 3(q°/2)
3, me v +e) SIEL (2.33)
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where Vv 1is the laminar kinematic viscosicy, and Eq’ is related to eM by
a turbulent Schmidt number, ' )

S =
cq (2.34)

.nm ‘xm

A sugpested value for ch is 1.7.

Boundary conditions for equation (2.29), with a wall and a free stream, are

+
FRl P SR Eo
2 A 3y at y + (2.35a)
q B
and
: Lim gi - free strean - 3,22
2 turbulence level 2 TuQD . (2.35b)

y-)a:)
Equation (2.35b) assumes isotropic free-stream turbulence and T = ut:'%/,qm.
u

2.3.3 Constant Ed:iy Diffusivity Model
An alternmative to the assumption that mixing-length in the outer

region Is constant is the assumption that eddy diffusivity for momentum is con-
stant. Eddy diffusivity in this region can be correlated to either displace-
ment thickness or momentum thickness Reynolds number or diameter Reynolds num—

|§er in the case of pipe-flow. In the program, this option is given by

oo are® . (2.36)
M

In the above expression, suggested values of a and b for pipe-flow are

0.005 and 0.9, respectively. For pipe-flow this option 1s to be preferred to
the constant mixing-length option.

2.4 Turbulent Heat Flux
s Turbulent heat flux is modeled using the eddy diffusivity for heat. The

program incorporates two options for modeling €y» @ constant turbulent Prandtl

and a variable turbulent Prandtl number.

2.4.1 Constant Turbulent Prandtl Number
The eddy diffusivity for heat is modeled by relating it to the eddy

diffusivity for momentum,

18



™

= |2

Pr, = s (2.12)

t
where Prt is the turbulent Prandtl number.

A very simple physical model of the turbulent momentum and energy trans-
fer processes leads to the conclusion that EH = EM' i.e., Prt = 1.00 (the
"Reynolds Analogy"). Slightly more sophisticated models suggest that Prt >
1.00 when the molecular Prandtl number is very much less than unity. A sug-

gested value for gases is 0.90.

2.4,2 Variable Turbulent Prandtl Number
An improved model for Prt is to allow it to vary with distance

from the wall, as suggested from experimental data from Stanford [3]. Sev-
eral conclusions can be drawn from the Stanford data. First, the turbulent
Prandtl number, at least for air, apparently has an order of magnitude of unity.
Thus the Reynolds Analogy (Prt = 1.00) 1s not a bad approximationm.

The second conclusion is that Prt seems to go to a value higher than
unity very near the wall, but is evidently less than unity in the wake or
outer region. The situation very close to the wall is espécially vexing be-.:
cause it is extremely difficult to make accurate measurements in this region,?
and yvet it seems evident that something interesting and important is happening
in the range of y+ from 10.0 to 15.0. The behavior of Prt' at values of ™
y+ less than about 10.0 is highly uncertain but fortunately not very impor-
tant, because molecular conduction is the predominant transfer mechanism in
this region. At the other extreme, in the wake region Prt does not need to_
be known precisely, because the heat flux tends to be small there.

Another conclusion, for which the evidence is not yet very strong, is
that there is some small effect of pressure gradient on Prt. Data suggest
that an adverse pressure gradient tends to decrease Prt, and there seems a
tendency for Prt to be increased by a favorable pressure gradient (an accel-
erating flow). Transpiration, apparently, does not influence Prt unless
there is an effect very close to the wall that is hidden in the experimental
uncertainty in this regionm.

Incorporated into the program to predict the general behavior of turbu-
lent Prandtl number for gases, as well as low and high laminar Prandtl number

fluids, is a conduction model for Prt. The model simulates the idea that an
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"eddy" exchanges energy both in transit in the vertical direction and while
equilibrating with the surrounding fluid at the end of its travel. From ana-

lytical considerations, the model is expressed by
-1
2

2
Pr, = O‘T + acPe, - (cPe,) (1.0 - exp[-a/cPe ])| . (2.37)

bove equation, Pet is the turbulent Peclet number, (CM/v)Pr; and
1/PRT, where PRT 1is the asymptotic value of Prt for large y , in
the wakp region. The programmed value for ¢ 1is 0.2, and the suggested value

for PRT| is 0.86. Equation (2.37) is plotted in Figure 2.4 for three values of

these constants.

/Pr=0.0l

1,72

pf|

0

y§

Figure 2.4, Variation of turbulent Prandtl number with Pr.
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2.5 Laminar-Turbulent Transition

In laminar boundary layers, disturbances to the flow will either die out
or grow; if the disturbances continue to grow, there will be a region down—;
stream where transition occurs, beyond which fully turbulent flow will even¥
tually be established. The onset of transition depends to a large extent upon
whether the prevailing boundary conditions have a stabilizing or a de-
stabilizing effect on the flow. Smooth surfaces and favorable pressure gra-
dients (acceleration) can cause the former, and rough surfaces, adverse
pressure gradients, and free-stream turbulence can cause the latter effect.

For two-dimensional boundary layer flows over a smooth surface, with a
constant free stream velocity, and with moderate free-stream turbulence, the
onset of transition is usually considered to be related to a critical momentum
thickness Reynolds number, R This is analogous to flow in a pipe where
R

e .
tran
= 2300. Once transition commences, it will continue until the flow be-

€tran
comes completely turbulent.

Transition is modeled in the program by flagging the program to commence
computation of turbulent shear stress and heat flux when the flow momentum
thickness Reynolds number, ReM, exceeds Retran' To effect a gradual transi-

tion, the local value of Af 18 modified according to the empirical equation

2
+ + + 1.57
tran .
for the region in the downstfeam flow direction where ReM j_ZRetran. This .
equation has the effect of smoothly increasing the turbulent viscosity in the
near-wall region. A suggested value for Re___ 1is 200. Transition with B+

tran
is handled in a similar manner.
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Chapter 3

FLOW NEAR A WALL

3.1 Computation in the Near-Wall Region

Computation of a flow field involves solving the finite-difference equa-
tions at discrete nodes in the cross-stream direction. The nodal spacing, or
grid, can be coarse if velocity and enthalpy profiles are slowly changing be-
tween nodes. For a turbulent flow, large gradients in velocity exist with the
near-wall repion requiring a fine nodal spacing. It is customary in most
finite-difference turbulent calculations to have at least as many nodal points
in the near-wall region (say the inner 20 per cent of the boundary layer) as
are used in the remaining coarse part of the grid.

In computing near-wall flows in this program, the Couette flow form of the
boundary layer equations are solved between the wall and a point near the wall,
the join point. At the join point the Couette flow solutions are matched to
the finite-difference solutions, in terms of velocity and shear stress, and
enthalpy and heat flux, and the resulting unknownms, wa;l shear stress and wall
heat flux, are thus determined.

In dealing with flow in the near-wall region, the program has two options.

The first option is to "use the Wall Function." Here the Couette flow equa-

tions are numerically integrated over the region of high velocity gradient. A
major advantage of this option is that it greatly reduces the required number
of finite-difference nodes. Using the Wall Function is especially advantageous
when computing high Reynolds number flows.

The second option in computing flow near a wall is to '"bypass the Wall

Function." Here the finite-difference mesh is carried down to the wall with a
progressively finer spacing. Bypassing the Wall Function is recommended for
large pressure gradients when the Couette flow approximation begins to lose its

validity.

3.2 The Couette Flow Equations

In the near-wall region both velocity and stagnation enthalpy profiles can
have large gradients Iin the cross-stream direction, but their streamwise gradi-

ents are usually small. By neglecting these streamwise gradients, the convectiv:
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transport equations are simplified to ordinary differential equations, and the
integrated form of these equations 1s the Couette flow equationms.
To develop the Couette flow equations, the boundary layer equations will

be recast in terms of shear stress and heat flux using

3U 3U .
T = W+u) 3y Hetf 3y ° (3.1)
and
&" = - .154.(5) B_I = - ueff_a- I* - U2 (3 2)
c /e 3y Preff oy ZgCJ

These definitions are substituted into the momentum equation (2.7) and
stagnation enthalpy equation (2.15), and they are re-written, along with the
continuity equation (2.1), for plane flow (no-radius effect included).

2600) a(g) -0, (3.3a)
aI* 21" 3 vX

These equations are non-dimensionalized using "wall coordinates™. 1In tHe

definitions which follow, the small zero subscript denotes a wall value.

UT = JE:?;7E; . (3.43)
v o= v, - (3.4b)
Vo v iU, (3.4¢)

X o= XU, (3.44)
y' = yU /vy s (3.4e)
'r"" = T/To , (3.4f)
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- (3-43)

X = =2x | (3.4h)

for the momentum equation, and, in addition,

* *
(IO-I )UT
2 — (3.41)
qo/po

*t

* = (3.43)

S = 5 s (3.4k)

W = QQE%— , (3.42)
834,
for the stagnation enthalpy equatioﬁ.
Integration of equations (3.3a) and (3.3b) withrrespect to y, combining,

and transforming to "wall coordinates" yields

+ + + + 4+ | A AYA RS
T F. 1+V°U + (P -X)vy [1';‘/; (p‘D)(Um) dy

(3.5)
+ f ,
X
where
£ = Polle 4% | pu Y _&)d - y(o_xl)z d
< X To dx | p U, o PooVeo y: o P Um Y

To Qx o \Pg u./ . Plss o Poo U
The Couette flow form of the momentum equatibn used in the program is equa-

tion (3.5) with f* neglected. This form was developed by Julien et al. [S] ar
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retains an integral term to better approximate a departure from Couette flow
when P+ is large. The additional term is exact for asymptotic accelerating
flows. '

Integration of equations (3.3a) and (3.3c) with respect to y, combining,

and transforming to 'wall coordinates", yields

+ +
G- 1+ V:I* +utttw + vyt + sty 4 g, > (3.6)
where
* *
(1-1.) y
. - |4 . pu_
By - T2 Pocle) f (p T )dy
qo (s} oo 00
+ [SIRY i ’ LU dy
o dx p U
o) @ oo
I* I*
1 d U "t
q [ D - -] I -
[0} o0

* % x _*
) mem(Io-Im) a4 U I-T,
" dx o pm o I* *® dy
9 0 ™
The Couette flow form of the stagnation enthalpy equation used in the program
is equation (3.6) with g _ neglected. '

3.3 Using the Wall Function

In the previous section it was seen that the Couette flow equations are

merely first integrals of the Couette flow form of the boundary layer equations,
and they relate wall shear stress and wall heat flux to sﬁear stress and heat flux
at some point away from the wall. By replacing the shear stress énd heat flux
with their constitutive equations, the Couette flow equations become first-order
ordinary differential equationé describing the variation in velocity and stag-
nation enthalpy across the Couette layer adjacent to the wall. These equations
are then numerically integrated across the layer and matched to the finité-
difference solutions for velocity and stagnation enthalp&, resulting in ex-

plicit expressions for the wall shear stresé and heat flux. The match-up point
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is located midway between the second and third finite-difference nodes from the

wall and is referred to as the join point, or 2.5 point.

3.3.1 Momentum Equation

The constitutive equation (3.1) for snear stress is rewritten in

terms of "wall coordinates" as
T = u — , (3.7)

+
where u = (u + ut)/uo.

From Section 3.2, the Couette flow equation for momentum is

+ + + + o+ o+ Y/ o\/U\2 ..
T = 1+V0U + (P -X)y [l—yf (B:)(l—]:) dy |. (3.8)

o}

An ordinary differential equation describing momentun transport across

the Couette layer is obtained by equating (3.7) and (3.8), along with using
the mixing-length hypothesis to model u+.

u
au* al (To)
F T 77172 (3.9)
dy +2 ) u
1+]1+ 4’y D‘T*(-E— -2>
AN

In the program the above equation is numerically integrated, using equa-
tion (3.8) for T+, and equation (2.22 or 2.23) for D, from the wall out-
ward to the join point.

The join point, or match-up point, is located at Yo, 5 which is the
arithmetic average of Y, and Yqs locating nodal points 2 and 3. The re-
quired value of U at the join point is U2.5 , the arithmetic average of U2
and U3 » as computed from the finite~difference solution.

Since the integration of equation (3.9) is in 'wall coordinates", the
upper limit to the integral needs to be in 'wall coordinates'. It is not yet
possible to convert 02.5 and Yy.5 to U;.S and y;.s because T, is
still an unknown. However, a join-point Reynolds number can be formed which

relates the "physical coordinates" to the "wall coordinates",
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y .
2.5 72.5 + +
Rez'5 = vo Uy )2'5 (3.10)

As U+ = U+(y+) is evaluated from integration of equation (3.9), the U+y+
product is computed and compared to Rez.5 . Integration is terminated when
the U+y+ product equals 'Rez 5 With the join-point values of U+

and y+ now known, the wall sﬁear stress and friction factor are computed

from U2 5 and the definition of U+ s

.

2
p U
1 = 223 (3.11a)
o (U+ )2
B.'Y2.5
and
gT
c./2 = —9—3— (3.11b)
£ U
Poc oo

3.3.2 Stagnation Enthalpy Equation

The constitutive equation (3.2) for heat flux is rewritten in

terms of wall coordinates as

+ *t + 42 .
q = —‘u"‘pr _31+ + W Pru %— (yT) (3.12)
eff 23y eff %Y

From Section 3.2, the Couette flow equation for stagnation enthalpy is

+ +

o = 1+ v: o+ vt
(3.13)

+ +
+ vty + STy

An ordinary differential equation describing enthalpy transport across
the Couette layer is obtained by equating (3.12) with (3.13),

»*  pr +2 Pr
" + + + +
ar _ Teff oLt 1y 4 e nwds (L)« —E oty 4 5Ty
¥ ¥ o eff +\ 2 +

(3.14)
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In the program equation 3.14 is numerically integrated in the same loop
as equation (3.9) for U+ .

If the stagnation enthalpy boundary:condition is a level type, i.e.,
I*(x,O) = I:(x), then wall heat flux and Stanton number are computed from

+
I; 5 the arithmetic average of I; and I; , and the definition of I* ’

p U

- 2, *

I IR (3.15a)
+ * .

. U5 Ios
and
q“
St = 9 (3.15b)

* *
Pl (I, = Ig)

If the stagnation enthalpy boundary condition is a flux type, then the
wall enthalpy and heat flux are linked through the total energy flux boundary
condition (see Figure 2.2).

: = (RTIES X1}
Etotal(x) L Io + q, (3.16)

For flux-type boumdary conditioﬁs, equations (3.15a) and (3.16) are solved
algebraically for i; and &;_. The Stanton number is then formulated from
equation (3.15b). Note that the Stanton number evaluated in the program,
equation (3.15b), is based on stagnation enthalpy difference, and not re-
covery enthalpy difference. The latter would require knowledge of a "re-
cover factor" which has no real significance or usefulness in the general

problem, i.e., for other than constant free-stream velocity flows.

3.4 Bypassing the Wall Function

The second user option is to "bypass the Wall Function", implying the join
point is in close proximity to the wall where laminar-like flow exists. For
turbulent flows, this implies a join-point value y+ of less than, say, 2.0.
In this region the viécosity ratio (u + uT)/UO is unity, and the Couette
flow equations can be integrated in closed form. Match-up with the finite-
difference solutions for velocity and stagnation enthalpy is similar to the

procedure involved in "using the Wall Function",
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3.4.1 Momentum Equation

To obtain an expression for U+ at the edge of the Couette layer,

the constitutive equation (3.7) for the shear stress is equated to the Couette

+
flow equation for momentum (3.8) and integrated (with u =1 ) . z
+ + + +
+ + + o+ o+ | e@Oy) -1 = VY
U =y + (V. +P - X)) (3.17)
o +, 2
V)

Recall that while U+ and y+ are unknown, their product is the join-

point Reynolds number (see Section 3.3.1).

U y
2.5 Y2.5 + +
Re, 5 vy Uy, 5

(3.10)

In the program, the solution to equation (3.17) is obtained by linear-

izing and solving in three successive steps:

+ - 1/2
YZ. 5 (Rez . 5) (3- 183)
[ ‘ 1/2
Re
Ya2.5 r— s .  (3.18b)
(F -X)yy.5 VY25
1+ > > + 5 .
L . _
V2.5 ° T+ s (3.18¢)
(P - Xy V'y
2 2

After solving for y; 5 the value of UZ 5 is obtained from equation
(3.10). The shear stress and friction factor are obtained from equations
(30 118’b) .
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3.4.2 Stagnation Enthalpy Equation

An expression for I*+ at the edge of the Couette layer is ob-
tained by integrating equation (3.14), which relates the constitutive equa-
tion for heat flux to the Couette flow equation for stagnation enthalpy.

In the integration, the viscous dissipation, work against body forces, and
energy source terms are neglected. The resulting expression for I¥ , with
u+5 equal to unity and Preff equal to Pr , is

+ +
+ exp[PrVoy ] -1

* =
I 7 (3.19)
o

- In the program, equation (3.19) is approximated by

vyt
+ . +
I3 = Pr(o_zz-s' + y2.5) (3.20)

*
After solving for 12 5 s the wall heat flux and Stanton number are ob-

tained as described at the end of Section 3.3.2 .

3.5 Routine LAMSUB
As indicated in the previous sections, the Couette flow equations are

+
solved from the wall out to the join point where y = y; 5 - The main func-
tion of the LAMSUB routine is to assure the condition

YPMIN < y, o < YPMAX (3.21)

where YPMIN and YPMAX are program input variables.

-_ When "bypassing the Wall Function", YPMIN must be zero, and YPMAX
should be less than two (unity is recommended). This will give a join-point
Reynolds number of less than four, thus assuring the assumption that turbulent
viscosity can be neglected in the Couette flow equations.

When '"using the Wall Function" typical values for YPMIN and YPMAX
are 20 and 40, respectively. These values bracket the upper limits of the
integrals, and assure that the Couette flow equations are not applied out-

side their region of applicability. For a flat plate boundary layer, the
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upper limit might be 50 to 100, and for high Reynolds number flows, the
upper limit might extend out to between 100 and 200. For boundary layer flows
with strong pressure gradient, the limit of applicability can drop to
near 15 =-- thus the reason for the Wall Function bypass option.

Routine LAMSUB controls the join point value as follows: if y;’s d;éps
bilow YPMIN, the routine removes the stream tube located at LY and if
y2.5 becomes larger than YPMAX, the routine inserts a new stream tube midway
between Yy 5 and Yq In both cases, after the grid has been readjusted,
the wall function is again solved and the new y;.s is compared using equa-

tion (3.21).

3.6 Integral Parameters

At each integration step, when one surface is 2 wall, the velocity profile
displacement and momentum thicknesses, 61 and 62, are calculated along with
the enthalpy thickness, A2’ for the stagnation enthalpy profile. These

thicknesses are defined as follows:

8
U T
8 =f (l--L)——dy , (3.22a)
1 o Pl T,
§ U U r
§, = f —f’—-(l-—)—dy , (3.22b)
2 o Pls U, T, -
N
* *
§ . /1-1
s, = f B‘l%(—*——*)ri dy (3.22¢)
o oo I-1 o - .
['o] e o]

where T, is the wall radius. Integration is carried out in the program using
a trapezoidal rule.

In the program the boundary layer equations can be solved with or without
consideration of transverse radius of curvature. Generally, transverse curva-
ture effects are important for thick axisymmetric boundary layers. If these

curvature effects are considered, then 61 and 62 are modified by solving

the equations

l,axd 2r

61 4 co8 a
) (1 + 2, 8X ) = 51 . (3.23a)
o
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62 axi €05 @
62,axi(l + 2ro ) = 62 (3.23b)

for 61,axi and Gz,axi after calculating 61 and 62 using equation (3.22).
Figure 2.1 shows o and its relation to the wall radius. The proper sign choice
1s (+) for external flow over a body of revolution and (-) for flow inside

a body of revolution (due to the coordinate system used in the program).

3.7 Pipe and Channel Flows

If the flow is a éonfined flow, a friction factor, Stanton number, and

Nusselt number are computed using the following definitions.

= = =2, (3.24)
pU
qIl ' 7
St = —— (3.25)
o} U(Io -1
Nu = St * Pr * Re , (3.26)

where the bar quantities are mean quantities.
The mean stagnétion enthalpy is defined by

T

w *'
‘ f PUL rdy
F g - ) (3.27)

T
f pUrdy
°

The mean velocity is defined by

r .
27rf Y pUrdy 2 (mass flow )
(o]

= _ o - rasifgadian i (3.28)
pTr Pr,

and the Reynolds number is defined as
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_ (mass flow )
Re = Qgg - rate/radian ) (3.29)
u

r
uw

The mean values for density, viscosity and Prandtl number are those val-
* =k -
ues at the v location where I =1 .

33



Chapter &

METHOD OF SOLUTION

4.1 Transformation of the Equations

The continuity, momentum, and stagnation enthalpy equations were devel-
oped in Chapter 2. The first step in transformation is to recast the convec-
tive transport equations into stream function coordinates using the von Mises
transformation. In essence, the y-coordinate is replaced by a coordinate

that is constant along streamlines, namely, the stream function Y. The new

independent variables become x and ¥, and the U velocity component is
defined by
- Ly
U o 3y (4.1)

In stream function coordinates the momentum equation (2.7) and the stag-

nation enthalpy equation (2.15) become

U R aur _ _, 48
PUSx + PU 3y | T AUl egs aw] Boax T &KX (4.2)
- *
31 3 2 Yegsr 21
PUS—=+pU syt v PU s 37
X 3 Pr_c; oV
(4.3)
u 2
3 | Meff ( 1 )2 ? (U )
= 1 - —rpu=[=){+5 .
3| g J Pr_.. W\ 2 ,,

Note that in the transformation the V component of velocity disappears
and the continuity equation is no longer used explicitly, due to the defini-
tion of the stream function.

' In the stream function coordinate system, the boundary layer fluid flows
béiween two surfaces, I and E. The I-surface originates at y = 0, and the E-
surface forms the second bounding surface. Sign convention for a positive vy
displacement is always from the I to E surface. Fluid crossing the I
surface 1is 6;; thi? flow might be due to wall transpiration. Fluld crossing
the E surface is mg; this flow might be due to entrainment. The bounding
so0lid surface is described by «, related to the rate of change of surface

curvature in the x-direction, and Trs which describes the transverse
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curvature of the I-surface. Location of the E-surface, Tps is related to

T and o. Figure 4.1 shows the coordinate system.

E-SURFACE

, 1- SURFACE

/r

¥

Figure 4.1. The streamfunction coordinate system.

The sketch in Figure 4.1 depicts an external boundary layer over either a
flat or conical surface, with 1 being a wall and E being a free stream.
In the program, there is a limited freedom in defining these bounding surfaces.
This will be discussed more thoroughly in Chapter 5.

The second and final step in the transformation is to recast equations
(4.2) and (4.3) into the Patankar-Spalding coordinate system-using the trans-

formation

’ (4.4)

where wE and ¢I are the stream function values on thevbounding surfaces.
In this non-dimensional &tream function coordinate system, the momentum

and stagnation enthalpy equations become

"

2 .
+ w(r m - r.m) r pUu g
3u | f1™ 11_‘311 3 eff 3U| _ c[ dP+xJ .5)

—_— — o | ——— ——

3 <wE wI)
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. . . 2
* " "
31 rpop + wlrgmg-roo; BI’] 3 T o ee 31"

+

3x () w | ow 2 ow
E'L W_~v.)" Pr
E '1 eff (4.6)
2
3 r‘pu ( 1 ) 3 (Uz) S
= u 1 - — — { — + —_—
kN (wE_wl)z eff Pr_c. 'Bw 2|7 oU

The transformed equations have the general form of a diffusion equation:

u
- 3¢ 3¢ 3 eff 3¢ -
ax (a0 50 - 55 (e Pr_; d N

where a, b, ¢, d are constants.
In the program, equation (4.7) becomes the velocity equation when Preff
is set equal to unity.

4.2 Finite-Difference Equations

As indicated in Chapter 1, the original basic program from which STANS

has evolved is the Patankar/Spalding program, described in their 1967 book [1].

Only the numerics of the finite-difference equations and the concept of a wall
function have been carried over into STANSt It 1s our intent in this section
to point out several facts regarding the finite-differencing scheme. These
equations are well documented in Patankar and Spalding [1,2], and, for a re-
vised version of the program, by Spalding [6].

The central theme in obtaining the finite-difference equations, hereafter
réferred to as FDE's, is twofold: (1) to form a miniature integral equation
ovér a finite-control volume; and (2) to presume a linear variation of the de-
pendent variable over the control volume to effect the integration. Figure
4.2 shows node locations and a control volume for three adjacent nodes at an
upstream and a downstream station.

The first term in equation (4.7) is trangformed into an FDE term, as fol-

lows:

i+% 'i i+h
%‘Ezéléwf f"(%*)dxdw=-6—1-6—f (¢ -6 )dm+f' (¢ -4 )dm’
x X 1-% X, X xow 1-% X4 Xy i xd_xu :

X
d

. 1 1 3 1 - 3 1 1 -

* e [(4 4.1 %73 ¢1) 7 (g ) (4 4 *3 ¢1+1) 7 “i):] .
u
(4.8)
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Figure 4.2. Typical nodal locations and control volume for finite-
difference equations.

The second term in equation (4.7) is transformed into an FDE term using
integration by parts:

X

) d i+k :
9 . __1 f : 99 : &
(a+bw) w -~ Sxdw ] , (atbw) m dwdx . o
- X, i1-3 s
1 . ' » )
= == (atbw) * ¢ - (at+bw) ‘¢ (459)
‘5“’|: Fu,i+ Xa,1+3 o Mgi-y Mdi-k%

L
* Ay, ¢"ddw]
In the above equation, the integral is evalﬁatgd in a like manner to

equation (4.8). Several asspmptions are built into eqﬁation (4.9): (1) the
integrand of the integral is evaluated only at Xy3 (2) the_equation is _
"Jinearized" in that (a+bw) 1s evaluated at x5 and (3) the integrand is
presumed to vary linearly with w over the control volume. Assumption (3)
implies small cross-stream convection; this was later changed bf Patankar and
Spalding [2] using a "high lateral flux modification"”, 6r "upwind-differencing"_
to more properly aécoupt for high lateral convection. The modification is not

used in STANS.
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The third term in equation (4.7) 1is transformed into an FDE as follows:

X
d iy
2 () o L * 3 (.
dw (C Bw) - (‘Sxéw_/; j; T (C Bw) dwdx
u -1
) ) (4.10)
1 54170104 (0 ¢i—1)xd
¥ == 1 (c) 05~ (©) R ———
Su oty (84479) *oa-y e )

The above equation 1s ''linearized" in that ¢ 1is evaluated at X,
The fourth and final term in equation (4.7) is the source term. It is

transformed into an FDE term as follows:

1 ¥ a1+k
d = Gxﬁwf f (d) dwdx
X i-%
u
X

1 1+ 3d
- 6x6wf f L (d) "‘(‘%)X (¢d'¢>u) dwdx . (4.11)
xu i-% u u

In STAN5, the velocity source term is handled precisely as described by

Patankar and Spalding [1]. Sources for stagnation enthalpy and turbulent
kinetic energy are evaluated at X3 the dovnstream contribution is neglected.
The FDE terms described by equations (4.8) to (4.11) are assembled into

a form

¢x = A¢ + B¢ +C , (4.12)
d,1 *4,1+1 *4,i-1
where A, B, and C are coefficients evaluated at the upstream station, X,
A set of ¢ equations is written for each dependent variable. In the text
which follows, the velocity dependent variable is designated as U, and all

other dependent variables are designated as ¢-equation variables.

4.3 “Grid and Slip Scheme
‘Arsketch of the finite-difference grid and nodal locations was previously

given in Figure 4.2. Cross-stream grid lines in that sketch divide the region
between the I-surface and the E-surface into non-dimensional stream tubes, or
flow tubes (from consideration of the definition of w). The number of flow
tubes that comprise the cross-stream grid is denoted by N. Two additional
stream tubes (to define slip points) are inserted by the program near the I
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and E surfaces, making a total of N + 2 tubes, and thus N + 3 nodal

points. A cross-stream grid is shown in Figure 4.3.

|
|
[
|
I
I
I
|
|
1
T
|

Frbr———————_———_——— -
tr————————-—--

4

: S
(2) , (N+2)

Figure 4.3. Cross-stream grid between the I and E surfaces.

In the above sketch, the 2.5 point on the grid is the join point, dis-
cussed in Section 3.3.1; the (2) point and the (N + 2) point are the slip
points. Finite-difference equations of the form of equation (4.12) are sol;ed
for all nodes (2) through (N + 2). Boundary conditions for these equations
are obtained through wall-function calculations, described in Chapter 3, 1if
one surface is a wall.

The grid is established from the initial velocity profile, U = U(y).

The profile is integrated using equation (4.1) to obtain U = U(Y), where flow
between consecutive y locations is Ay, or non-dimensionally Aw. The Aw
values, which represent the fractional amount of the initial flow, remain con-
stant throughout the calculations, unless altered by routine LAMSUB, discussed
in Section 3.5. The amount of boundary layer fluid can change, but the frac-
tional percentages in each stream tube are fixed.

The slip points, along with "using the Wall Function'", were developed by
Patankar and Spalding [1] to allow use of a linear profile assumption (Section
4.1) in the near-wall region, thus eliminating the need to compute across a
region of high velocity gradient. The scheme is an excellent ''engineering

tool” in terms of computational speed while preserving accuraéy.
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The idea behind the slip scheme is to presume power-law profiles for

velocity and other ¢-equations in the near-wall region.
v = Cly , (4.13a)
(0-¢,) = cy’ (4.13b)
1 2 ’

Each of the above equations contains two unknowns, which are obtained by match-
ing the function and its first derivative (e.g., shear stress or heat flux) at
the join point. From these two criteria come defining FDE's for the slip

points,

U2 = UZ(UB’B) , (4.14a)

by = $,(8,657) . (4.14b)°

The above equations are linearized in that the upstream values of f and Yy
are used. Similar types of equations can be developed for slip values near a
free stream and near a symmetry line (see Patankar and Spalding [1 or 2] for
a complete description).

The procedure described above to obtain slip values near a wall was later
changed by Patankar and Spalding [2] to more accurately account for convection
between the wall and the join point. In STANS5, this correction was accom
plished by a modificgtion to the join-point velocity and essentially accom-
plishes the same goal. The correction is needed for low values of B; for
B>0.9, i.e., a linear profile in the near-wall region due to laminar flow

or "bypassing the Wall Function"”, the power-law slip scheme is adequate.

4.4 Entrainment and Grid Comtrol )
" Entrainment is applicable to flows in which there are free surfaces.
For example, the free surface for a wall boundary layer is the location where

U >approaches U i1.e., its cross-stream gradient approaches zero. The

w’
function of entrainment is to introduce new fluid into the region between the
I and E surfaces, thus expanding the grid outward into "fresh'" fluid and

thus preserving the near zero gradient at the outer edge of the computation
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region. The expansion can be easily seen by recalling that to increment
(wE—wl) with a constant Aw spacing causes Ay to increase and thus A4y. -
The entrained fluid is distributed to all flow tubes.

To determine if fluid should be entrained, the dependent variable dif-
ference near the free surface is compared with its free-stream value, e.g.,
(UN+3—UN+1)/UN+3 is computed and compared to ENFRA, a program input variable.
This idea is depicted in Figure 4.4. The entrainment calculation for veloc-

ity in STANS is

b.1. || U..-U
mE = mE + |mass {| ENFRA - N+a N+l . (4.15)
new old flux N+3
I E

R

't

N+| N+3
w,y

Figure 4.4. Entrainment at the free stream.

When there are ¢-equations being solved in addition to the momentum equa-
tion, each of these gradients near the free stream 1s checked to assure no
defects in profiles develop. This is especially important in accelerating
flows or low Prandtl number flows, where the thermal boundary layer grows out-
side of the momentum boundary layer. There is a flag in STAN5 that can be set
to base entrainment on either the momentum equation or on the behavior of all
equations. Note that in STANS, fluid is never allowed to be detrained, due to

stability considerations.
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Integration stepsize, A4x, 1is partly determined by entrainment. The
control is via an Iinput variable FRA, say 57, which requires that the mass
flow rate into the boundary layer through the I and E surfaces be no more
than FRA ° (wE-wI) over the distance 4x. This control, in effect, cuts
back the stepsize if the boundary layer entrainment is large.

4.5 The Calculating Procedure

Equation (4.12) in Section 4.2 is the general form for the finite-differ-
ence equations. The equations couple all grid points in the cross-stream di-
rection, and they are solved by a tri-diagonal matrix algorithm for {1 = 2
to N + 2. They have been linearized in the sense that the coefficients are
calculated at the upstream stations. Thus, the program is '"one step behind"
in fluid properties, eddy viscosity, etc.

Because of linearization, the equations are only partially implicit, and
this requires the use of a smaller Ax stepsize than could be used by a fully
implicit scheme. For heat transfer calculations this does not present much of
a problem, though, because the stepsize must be small enough to follow vari-

able boundary conditions.
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Chapter 5

INPUT/OUTPUT

5.1 Introduction -

To facilitate use of the program, a rather flexible input format has beén
developed which makes it possible to compile and link edit, and still accom
modate a large number of input options merely by reading in numerical DATA.
Other changes can be readily made in the core of the program, but the objective
of this chapter will be to describe in detail how to access the program through
DATA that are read directly by the computer.

All of the data input to the program are concentrated in the final sub-
routine which is labeled SUBROUTINE INPUT (KERROR). This subroutine contains
a very large number of comments which in themselves constitute a set of in-
structions for its use. In reading this chapter it will be useful to refer to
the input subroutine, and the present discussion will be based on the assump-
tion that the reader has the input subroutine before him (her). 5

First it should be noted that each '"read" statement is preceded by the
symbols **kk*** extending across the page. Preceding these symbols the in-
structions for the "read" statement are given.

All of the "read" statements (except the title) are in the form of either
a series of integer numbers or a series of decimal numbers. All of the inte-
ger numbers are in fields of five spaces. It is important to note that inte-
gers must be justified to the right side of these fields.

All decimal numbers are arranged in fields of 10 digits, and of course

may be placed anywhere within that field.

5.2 Flow Descriptors and Controls
On the card following a title, eight integers are read, all of which con-

vey rather fundamental information about the type of problem to be solved.
Some of the program nomenclature will be introduced as these, and other vari-
ables and constants appearing below, are discussed.

GEOM is an integer, from 1 to 9, which signals in a general way the type
of system geometry to be solved. GEOM = 1 1s the simple boundar& layer on a
flat plate, but this case also applies for an axi-symmetric body so long as
the boundary layer thickness 1s small relative to the body radius. Thus it
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can be used for flow in a nozzle (subsonic or supersonic), or for flow over
an axi-symmetric body such as a missile, even including a stagnation region,

GEOM = 2 & 3 differ from 1 only in that radius is included in the bound-
ary layer equations so that boundary layer thickness need not be small relative
to body radius.

GEOM = 4 & 5 refer to flow in circular and flat ducts, respectively.
Strictly speaking, the "boundary layer" is treated as if it filled the entire
duct; however, a judicious choice of grid spacing makes it possible to handle
entry-length problems with accuracy. It is also possible to solve pipes or
ducts which have slightly convergent or slightly divergent walls.

GEOM = 6, 7, 8, 9 cover the cases of circular and flat jets, and free
shear flows.

MODE refers to whether the flow is to be laminar or tubulent. MODE = 1
is a laminar flow, while MODE = 2 is turbulent. As will be seen below, it is
possible to start with MODE = 1 and then shift to a turbulent flow on the basis
of an input transition criterion.

FLUID refers to the type of fluid. FLUID = 1 is any constant-property
fluid, such properties to be supplied in a later read statement. FLUID = 2
refers to air, the properties of which (based on the Keenan and Kaye Gas Tables}r
are'brovided as a separate subroutine in the program. The air properties cover
temﬁeratures from 180°R to 4620°R, but do not take into consideration dissoci-
ation at high temperatures. The program is not provided with the properties of
any variable-property fluids other than air, but it is only necessary to desig-
nate some other fluid with a number (3 or higher) and then construct a subrou-
tine similar to SUBROUTINE PROP2. The appropriate call for any other property
subroutine must be inserted as indicated in the MAIN program.

NEQ refers to the total number of boundary layer equations to be solved.
Thus, if the momentum equation alone is to be solved, NEQ = 1, but if momen-
tum~and energy are to be solved, NEQ = 2. Actually, the program dimensioning
allows NEQ to be as high as 6, if, for example, a number of mass diffusion
equétions must be solved. Another related variable, NPH, will be found through-
out the program. NPH = NEQ - 1, and is the number of diffusion equations
(energy, mass, etc.) thag must be solved. It is assumed that the momentum equa-

tion is always solved.
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N defines the grid structure in the y-direction; it is the number of
flow tubes. Thus the number of grid points in the y-direction is N + 1.  Be-
cause of the "slip" scheme described earlier, the program inserts two more:
grid points, one near the I surface, and one near the E surface. Thus the
total number of grid points with which the program works is N + 3. Within
the program the grid points are numbered starting with 1 at the I (for in-
ternal) surface and extending to N + 3 at the E (for external) surface.
The character I 1is used to index the grid points, and I then varies from
1 to N+ 3. For convenience, the last three points are designated NPl =
N+ 1, NP2 =N+ 2, NP3 =N+ 3. The two "slip" points, which have no real
physical significance, are I=2 and I = NP2.
The choice of N determines how fine or how coarse a grid structure is
to be used, and only experience can tell what is necessary to achleve desired
precision for a particular problem. For a turbulent boundary layer when "using
the wall function" (this will be discussed further below), N in the range
15-20 is generally satisfactory. If "bypassing the wall function" is used, or
if the flow is laminar, N should generally be greater than 30. If N 1is less
than 12 the program will not operate, and N is limited to 50 by the dimension-
ing of the program. However, this limitation can be readily changed, if des%red.
Finally, it should be noted that the program Qill change N internally under
special circumstances to be discussed later in connection with the input values
of YPMIN and YPMAX. -
KIN and KEX are indicators which determine the character of the I and E
boundaries, respectively. If either is set equal to 1, that boundary is a
wall; if set equal to 2, the boundary is a free stream; 3 indicates a line
of symmetry, such as the centerline of a pipe or a free jet. As presently assem-
bled, the program will handle only one wall surface, so, for example, it 1s not
possible for both KIN and KEX to be equal to 1. Note that the I and E
boundaries are literally "inner" and "outer'" with respect to the axi-symmetric
coordinate system, so, for example, for flow in a pipe,;he I boundary must be
the centerline of the pipe and the E boundary must bé'the pipe wall; they are
not interchangeable. On the other hand, for GEOM = 1 the I and E bound-
aries are interchangeable and either could be the wall.
KENT is an indicator for the entrainment calculation at a free boundary.

If there 1s no free boundary, KENT can be left blank. If KENT = 0 entrainment
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is calculated based on the behavior of the momentum equation alone; if KENT = 1
all diffusion equations are tested. Since it is quite possible for the thermal
boﬁndary layer, for example, to extend outside the momentum boundary layer, and
one generally wants to adjust entrainment so that the region of interest (the
region enclosed by the I and E boundaries) encloses the thickest boundary
layer, it is generally wise to set KENT = 1, On occasion this can lead to
some instability, and this is the reason why the option to set KENT = 0 is
progided.

, The next card to be read contains more general information, all in the form
of &ecimal numbers. XU is the present location of the calculations in the x-
direction, and is one of the primary independent variables. Here XU is ini-
tiaiized, so this is where calculations start. Most often XU is 0.0, but it
can be any positive number where it is desired to commence calculations.
(Actually XU refers to the "upstream" side of the finite-difference step in
the x-direction, as opposed to XD on the "downstream'" side. The difference
bethen XU and XD 1is DX, the step length.) XL is the x-distance where
it is desired to stop calculations. Thus XU and XL, as read here, define
the distance over which calculations are to take place. These are dimensional .
quantities and may be in feet, inches, meters, or whatever 1s desired. The
actgal dimensioning system to be used 1s designated later. Recall, as shown in
Figure 4.1, that x 1is intrinsic, measured along the I-surface, and is not the
projection onto the axis of symmetry.

- DELTAX is a number (non-dimensional) from which DX, the step-length, is
derived. It 1s the ratio of DX to boundary layer thickness, so DX grows as
the boundary layer thickens. For a pilpe-flow it is the ratio of DX to pipe
radius. Actually, DELTAX determines a maximum value of DX and can be over-
ridden by another number, FRA, which will be discussed shortly. DELTAX = 1.0
is a reasonable value when dealing with a gas for which properties are varying
rapidly. If properties are nearly constant considerably larger values may be used
and;this is particularly true for laminar flows. For fully developed flow in a
pibe DELTAX can sometimes be made equal to 10 or greater. If DELTAX is too
large, a slight instability will be noted, with oscillation of the output data.
It is often advantageous to use large values of DELTAX to reduce computation

time. A further option is avallable using the constant K1 and the auxiliary
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boundary condition, AUX1(M) (see below), whereby DELTAX can be changed arbi-
trarily in the course of a calculation. ,

RETRAN provides a way to effect internally a transition from a laminar to
a turbulent boundary layer. For a simple boundary layer, the momentum thick-
ness Reynolds number is employed as a transition criterion, and RETRAN is the
Reynolds number at which MODE will automatically shift from 1 to 2. Actually,
the transition is made smoothly, rather than abruptly, over a range of momentum
thickness Reynolds number from RETRAN to twice RETRAN by smoothly bringing the
sublayer damping constant down from a large number to its equilibrium-value
(see SUBROUTINE WALL). Typically, a transition Reynolds number of 200-300 pro-
vides realistic results. If it is desired to make laminar boundary layer cal-
culations only, care must be taken to make sure RETRAN is a number larger than
any momentum thickness Reynolds numbers anticipated. For flow in a pipe or
duct, RETRAN is interpreted as a diameter Reynolds number, but of course diam-
eter Reynolds number does not vary in the x-direction in this case. For totally
turbulent boundary layers and flows, RETRAN can be 0.0, or left blank, if de-
sired. For free-convection boundary layers, or for flows for which there is no

wall surface, Reynolds number has no useful significance, so RETRAN must be set

to unity.

FRA, when multiplied times the total amount of flow between the I and™ E
boundaries, specifies the maximum amount of new fluid that will be permitted to
enter the region of interest between XU and XD either by entrainment or-by
mass transfer through a porous wall. If this amount is exceeded by the speci-
fied value of DELTAX, then DX 1s appropriately reduced in value. FRA = 0.05
is a reasonable value for most applications.

ENFRA is the entrainment fraction. It has significance only when there is
a free-stream boundary, in which case it is the desired difference (expressed
as a fraction of the total difference through the boundary layer) between the
free-stream velocity, or the corresponding dependent variable in a diffusion
equation, and the next closest grid point (excluding the slip point). This dif-
ference is maintained by automatically adjusting the rate of entrainment of free-
stream fluid. The appropriate value of ENFRA differs somewhat for different
kinds of problems, and is also related to the chosen grid spacing near the outer
edge of the boundary layer. Calculated results are not necessarily highly sensi-

tive to the value chosen for ENFRA, but a very inappropriate value can lead to
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either instability (wild oscillations in entrainment rate and in boundary layer
thickness) or inaccurate overall results. For typical boundary layer calcula-
tions, turbulent or laminar, a value of 0.005 frequently works well, but a fine
grid near the outer edge may suggest a value as low as 0.00l1. On the other
hand, for a free-convection boundary layer or any case where free-stream veloc-
ity is at or near zero (for example, a jet) ENFRA should be very much larger,
0.01:to 0.05. One way to get a handle on ENFRA, in any case, is to plot the
initial velocity profile, perhaps based on an appropriate analytic solution, and
then superimpose the desired grid on the plot. The difference in velocity be-
tween the free-stream and the next adjacent grid line, divided by the maximum
velocity difference for the whole boundary layer, is then usually a good value
for ENFRA.

If there is no free-stream, as would be the case for pipe-flow, then ENFRA
can be left blank.

GV is a gravity constant which should be either set at zero or left blank
i1f gravity is not a relevant parameter. The only gravity effects that can be
consldered are those in the direction of flow (x-direction). Note that a posi-
tive value of GV represents a gravity forée in the positive or flow direction;
1f simple free-convection on a vertical flat plate is being considered, remember
that GV must be negative. Note also that gravity has no effect unless there are
dens%ty gradients across the boundary layer; the free-convection boundary layer

is a.compressible flow boundary layer, and nothing will happen if FLUID = 1.

5.3 -Body Forces and Sources

The next card read concerns some integer indicators having to do with body
forces in the momentum equation, and energy and other types of sources in the
diffusion equations. BODFOR can be 0, 1, or 2. If 0, there is no body force
present other than pressure. If BODFOR = 1, the body force is the result of
a gravity force acting upon density, and of course a value for GV must also be
specified.

-.If BODFOR = 2, an external body force is present, and this force is in-
troduced through a specified set of auxiliary boundary conditions AUX1(M),
which will be discussed later. Provision is made only for a body force that is
a function of x, and independent of y. BODFOR = 2 also includes BODFOR = 1.

A body force has the dimensions force per unit of volume.
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The source indicators, SOURCE(J), are not read unless there are one or
more diffusioﬁ equations in addition to the momentum equation, i.e., unless
NEQ is greater than 1, and NPH is greater than 0. The index J wvaries from
1 to NPH so that one value for SOURCE is read for each diffusion equation, read-
ing across the card in integer fields of 5, after BODFOR.

I1f there is more than one diffusion equation it must be decided ahead of
time which is which, and the designation of a source for each equation estab-
lishes what kind of a diffusion equation it is to be. Of course, the initial
dependent variable profiles and the boundary conditions, both of which are dis-
cussed later, must be consistent with this choice.

If there is to be no source for a particular diffusion equation, set
SOURCE = 0, or at least leave it blank. If SOURCE = 0, the equation could
be the energy equation with viscous dissipation neglected, or it could be a
“mass diffusion equation with no chemical reaction. Only the initial and bound-
ary conditions serve to make a distinction (together also with the Prandtl or
Schmidt number), since the differential equations are identical.

SOURCE = 1 activates viscous dissipation as an energy source, as well as
body-force work, and the equation is then definitely the energy equation. '

Setting . SOURCE = 2 for a particular diffusion equation has more exten-
sive effects. It activates the source function for the turbulence energy j
equation (Production-Dissipation), but additionally it changes the method of
calculation of eddy viscosity (and thus eddy conductivity) from the mixing—;gngth
method to the turbulent kinetic energy method, wherein eddy viscosity is prdgor-
tional to the square root of the turbulent kinetic energy. However, the program
still uses mixing-length in the Wall Function, and it still uses mixing-length
out to the edge of the viscous sublayer if the Wall Function does not extendt
that far. If there is no wall, turbulent kinetic energy is used throughout.

SOURCE = 3 is the same as SOURCE = 1, except that an external energy
source, as a function of x alone, may be introduced through AUX2(M). Such
a source must have the dimensions (energy)/(volume * time).

SOURCE = 4 also implies that an external volume source is being introduced
through AUX2(M), but viscous dissipation and body-force work are omitted, so
this could be a source different from energy. -

Note that all of these external body forces and sources which are intro-
duced through the auxiliary functions AUX1(M) and AUX2(M) are functions of
x only. This is obviously somewhat limiting, but the only practical way to
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introduce sources that vary in the y-direction is by modifications in the core
of the program. However, this can be easily done in SUBROUTINE AUX, where some

comments are gilven.

5.4 Fluid Properties

The next card is the one in which fluid properties are introduced. The
amount of information actually read depends upon whether constant properties are
to be used or whether the variable properties contained in a separate property
subrcutine are to be used. In any case the initial static pressure PO 1is
a1wa§é read, and for the variable property case this is all that is needed. For
constant properties, density, RHOC, and viscosity, VISCOC, are next to be read;
if only the momentum equation is to be solved this is all that is necessary.

If one or more diffusion equations are to be solved, the only additional prop-
erty 1s the Prandtl number for the energy equation, PRC(J), or a Schmidt num-
ber for each and every mass diffusion equation, making sure that they are read
in the same order as has been established for designating each equation, i.e.,
J =1 refers to a particular diffusion equation, and J = 2 to another, and
this order must be maintained throughout the entire input routine. Note that
although the symbol PRC(J) 1s used, this can be either a Prandtl or a Schmidt
number. Finally, all units must comprise a consistent set. Note that the read
statements are so arranged that it doesn't matter if there is a redundancy of
information. Thus the program might be set up to solve both momentum and
energy equations with constant properties; but if in the second card FLUID is
changed to 2 the program will run with variable air properties and simply will
not read the constant properties (except PO). Similarly, if NEQ is changed to
1, the program will not read Prandtl number or anything else having to do with
a diffusion equation; it is not necessary to remove this input information if
an abbreviated problem is to be run. As a word of caution, do not try to solve
the momentum equation alone without setting FLUID = 1 and supplying the ap-
propfiate constant properties. There 1s no way to introduce variable proper-

ties without temperature or mass concentration distributions upon which to base

them.’
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5.5 Boundary Conditions

The next card supplies some information about types of boundary conditions,
and the number of entries read depends upon the number of differential equations
to be solved. NXBC, an integer number, refers to the number of points along
the boundaries at which boundary condition information is to be supplied. The
cards following will contain that information. Internally, the program will
determine boundary values ét éach XU position by linear interpolation between
" the x-positions of the input boundary data as specified here. Thus NXBC must
have as a minimum a value of 2 so that there is something to interpolate between.
If boundary values are varying with respect to x in other than a linear man-
ner, many more than two boundary values may be required for an accurate repre-
sentation. The program is dimensioned such that NXBC may be as large as 100.
Free-stream velocity is evaluated from a cubic spline fit scheme rather than
linear interpolation, except that when NXBC = 2 Ilinear interpolation is used.

The other items read on this card refer to the type of boundary condition
at a wall that is going to be supplied for any and all diffusion equations. .

I1f there 1s no wall nothing is read, and the same is true if .only the momentum
equation is to be solved. TYPBC(J) can be either 1 or 2, depending upon whe-
ther the boundary condition read is to be, respectively, a specification of?the
vaiue of the dependent variable at the wall, or the flux of the dependent va:;-
able at the wall, 1In the case of the energy equation, the question is whether
it is the enthalpy at the wall or the heat flux that is to be specified. For
the turbulent kinetic energy equation set TYPBC(J) = 1. Of course a specifi-
cation for every diffusion equation must be supplied, and in the proper order.

The following card continues boundary specifications. These items, all
decimal numbers, are read in the form of a table. The number of lines in the
table must be equal to NXBC. X(M) 1is the x location of the points where
boundary information is to be supplied. The first entry, X(1), must be equal
to or less than XU read earlier; the last entry, X(NXBC), must be equal to
or greater than XL. For a variable velocity boundary condition, the value of
XU must coincide with an X(M) in the table. Between fhe first and last
point, the spacing of any other boundary condition points can be completely
arbitrary. Discontinuities, for example, can be simulated by placing two points
very close together. When free-stream velocity is changing rapidly, it is im~

portant to use a large number of points and not produce situations that a spline
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fit will have difficulty accommodating; abrupt changes of velocity are trouble-
some and can lead to unwanted velocities between the specified points.

RW(M) 1is a geometry specification for an axi-symmetric body. It is the
transverse radius of the body at each specified x-location. Note that RW is
a function of x, distance measured along the surface, and not the projection
onto the axis of symmetry. The boundary layer can be either on the inside or
the outside of the body for GEOM = 1. GEOM =2 and 3 are restricted in
th{s regard. For a pipe, GEOM = 4, RW(M) 1is the pipe radius. For a bound-
ary. layer on a non~axisymmetric body, for example a flat plate or an airfoil,
use GEOM = 1 and set all values of RW(M) equal to any constant number,
such as 1.0. For an axi-symmetric stagnation point use GEOM = 1 or 2 and set
RW(M) = X(M). For a flat duct, GEOM = 5; RW(M) 1s the duct half-width.

Two additional pieces of boundary condition information can, if desired,
be read on this card, AUXI(M) and AUX2(M). It has already been noted that
these auxiliary items can be used for specified body forces or specified inter-
nal heat sources, if proper indicators are activated. AUX1(M) can also be used
to provide a control on DELTAX. These functions, however, are provided in gen—-
eral so that the user can conveniently introduce any kind of information that is
a function of x, and then appropriately modify the core of the program to make
use of the information. If there is a wall present, the program additionally
calculates two more functions, AUXM1 and AUXM2, which are linearly interpo-
lated values of AUX1(M) and AUX2(M), and are always available in the COMMON.

The primary boundary condition data are read on the next cards, again in
the form of a table in which the number of lines must equal NXBC. UG(M) 1is
the free-stream velocity which must always be supplied 1f there is indeed a free
stream. (In the case of a pipe or duct flow this column can be left blank.)
A particular feature of this version of the program is the fact that free-stream
velocity is treated as an independent boundary condition rather than pressure
or. pressure gradient. A minor modi{fication of the basic program is necessary
1f pressure is to be the independent boundary condition. Note that UG 1is zerc
for simple free convection, or for a jet in a stagnant environment.

. The second column (second field of 10 spaces) is the mass flux at the wall,
AM(M). If there is no wall this column is simply not read. AM 1s positive in
the positive direction of the coordinate system. Thus, if the I boundary is
a wall, positive AM 1is mass transfer into the boundary layer, but if the E
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boundary is a wall (as in pipe-flow), negative AM 1is mass transfer into the
boundary layerl

The next five columns are read only if there is a wall and if one or more
diffusion equations are to be solved. FJ(J,M) 1is either the wall value of
the dependent variable in a diffusion equation or it is the wall value of the
dependent variable flux. Whether it is a wall value or a flux is determined
by TYPBC(J), discussed above. Thus for the energy equation FJ 1is either
a wall value of enthalpy or a wall value of heat flux. The sign of the flux
is again positive in the positive direction of the coordinate system which goes
in the direction from I to E. Thus, for flow in a pipe, a heat flux into
the fluid results when FJ 1is negative. Care must be taken when FJ 1is a
flux and there is mass transfer at the wall. FJ 1s then the product of the
mass flux and the value of the property in question in a reservoir outside the
wall. For example, for the energy equation with FJ as a flux, FJ 1is the
product of AM and the enthalpy of the transferred fluid in an external reser-

voir. For the turbulent kinetic energy equation, FJ should be 0.0.

5.6 Initial Profiles
The next series of cards contains the initial or starting profiles for>

velocity and the dependent variables for each of the diffusion equationms. These
are read in the form of a table, as in the previous case. The number of entries
in the vertical columns must be equal to N + 1. Each column again occupies 10
spaces. )

The first column contains Y(I), the distance measured from the I-boundary
for each of the grid points at which the other information is to be supplied.

In Y(I), I 41is an integer which varies from 1 to NP3, but 2 and NP2 are
omitted, since these are the slip positions which are evaluated within the pro-
gram. Thus the table will contain N + 1 entries. Y(1) 1is always 0.0, since
y 1s measured from the I-boundary. :

The spacing of the various Y(I) is very important, since it establishes
the cross-stream grid for the entire boundary layer calculation. First, the ob-
vious fact should be noted that it is not possible to start finite-difference
calculations with this program from a singularity; starting profiles are manda-
tory, but the boundary layer can be as thin as desired, although a very thin

starting boundary layer may require a large number of calculations to progress
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very far in the x-direction., Generally, the starting profiles are where analyti
boundary layer soclutions can be used to great advantage. Typically, one knous
something like momentum thickness Reynolds number at the start, and simple ana-
lytic solutions can then be used to estahlish initial total thickness and initiec
profile shapes. Actually, since boundary layers, and especially tuvrbulent hounc
ary layers, come to equilibrium relatively quickly, the initial profile shapes
are often not at all critical; it is important that the initial integral param-
eters (such as momentum and enthalpy thickness) be close to correct. For exam—
plé, 2 larinar boundary layer calculation could be started with a simple linear
velocity profile, and within a few downstream steps the correct profile will be
closely approximated. An exception to this discussion is flow in a pipe cor
duct where the "boundary layer thickness" is always the distance from the wall
to the centerline. It is possible to start such calculations with a uniform
velocity profile and thus calculate the velocity entry length, but for accuracy
this does require using a relatively fine grid spacing near the wall.

Now, to get back to the Y(I) spacing, the reason it is so important is
that the program reads the initial data, calculates the fluid flow in each flow
tube, totals this for the entire region from I to E, and then calculates
the fraction of the flow in each flow tube. As the boundary layer grows, the
total flow in the region I to E may grow due to entrainment and/or mass
transfer, and the distance from I to E may grow, but the fraction of the
total flow in each flow tube is maintained constant. The fraction of the flow
from the I-boundary to some Y(I) 1is given the symbol OM(I) <(omega). Thus
the flow between the I and the I + 1 grid point is OM(I+1) - OM(I). It is
these initial values of OM(I) that remain the same throughout the calculation
(with an exception to be discussed below). WNow there is no requirement that
the OM spacings be uniform; on the contrary, it is generally more efficient
if they are not. But it is important that the OM spacing differences between
adjacent flow tubes not be too large. As a tule of thumb, differences greater
than a factor of about 3 should be avoided. A good way to set up the initial
velocity profile is to lay it out on a plece of graph paper and then superimpos
" 1ines for grid points, crowding them closer together in the regions where veloc:
ity is changing rapidly. A mental estimate of the relative flow rate between

each pair of grid lines will usually suffice to make sure that large steps in
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flow rates are avoided. This graphical procedure was also recommended as a
guide for specifying entraimment fraction. )
1f there is a wall and the boundary layer is turbulent, a decision must

"

be made whether to use a small number of grid points, along with "using the
Wall Function', or to "bypass the Wall Function” and use a fine grid down to
the wall, TFor a great many. calculations the results will not differ much, and
"using the Wall Function" is a little simpler and cheaper in computation time.
For very high Reynolds numbers there is really no choice; a grid fine enough to
allow "bypassing the Wall Function" may require an excessive number of grid
points. '"Bypassing the Wall Function' does become useful where pressure gradi-
ents are large, or boundary conditions are changing rapidly along the wall, or
it is simply desirable to have a print-out of the variables near the wall. The
accuracy question comes down to the adequacy of the Couette flow approximation,
which is used in the Wall Function. For large adverse pressure gradients, for
example, the Couette flow approximation begins to yield a substantial error in
local shear stress in a typical case when y+ becomes larger than about 15

or 20.

When "bypassing the Wall Function", it is necessary that U and y at the
"first grid point (I =3 if ¥'N=1, or I = NPl if KEX = 1) be so chosen
that y+ is about 1.00, or less. This can be checked by multiplying U by vy
and dividing by kinematic viscosity, which gives the product U+y+. In this
region U+ = y+, approximately. The spacing of the grid points farther from
the wall can then be gradually increased by steps of perhaps 20 percent out to
about y = 20, and 25-30 percent thereafter, i.e., y = 1.2, 1.4, 1.7, 2.1,
etc.

When "using the Wall Function' it is important that the first grid point
be at a value of y+ not less than about 20.0. The subsequent points can
then be spaced at intervals that increase by 25 to 30 percent, i.e., 25.0,
31.0, 39.0, 49.0, etc.

For both cases, after y+ becomes greater than about 200, quite large,
equally spéced steps generally can be used because velocity is no longer chang-
ing rapidly. The important thing is to concentrate the grid where rapid changes

are taking place.
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It i1s important that the velocity at the free-stream edge of the boundary
layer be precisely the same as the value of free-stream velocity introduced as
a boundary condition earlier.

Having once established the initial velocity profile, the other columns
are filled in with the corresponding initial dependent variable profiles for
the diffusion equations, all in the same order as discussed earlier. Any of
these can be totally zeros if desired, or all equal to the free-stream value,
as would be the case for a heat transfer problem with an unheated starting
length. For turbulent kinetic energy it is possible to atart with all zeros
and the program will generate its own kinetic energy. In any case, the wall
value of turbulent kinetic energy should be 0.0. In the case of the energy
equation the dependent variable is always stagnation enthalpy, not temperature.

The value of the dependent variable in the diffusion equations at the outer
edge of the boundary layer is always constant, and is established by the value
specified in the initial profiles.

5.7 Turbulence Constants

Some of the turbulence constants are read in the next cards. If the flow
is. laminar, dummy turbulent values can be used, or these entries can be left
blank. 1If there 1s no wall, some of the constants are also redundant.

s AK 1is the wali region mixing-length constant, kappa. There is not total
agreement on the value of kappa, but 0.41 is extensively used. ALMGG 1is lambda,
the outer region mixing-length constant (or outer region length-scale constant
when turbulent kinetic energy is used). There 1s also a constant eddy diffu-
sivity option available (see below) in which case ALMGG becomes a dummy. For
boundary layers 3 value of 0.085 appears reasonable; for flow in a pipe 0.07 is
suggested, but the constant diffusivity option is recommended for pipe-flow.

For a boundary layer the value for ALMGG is overridden at momentum thickness
Reynolds numbers below about 5500 by an internal correlation that yields a higher
V;Iue. This override can be guppressed by setting K2 = 3 (see below).

) ALMGG 1s a non-dimensional comstant which yields a mixing-length when
m@ltiplied by boundary layer thickness. But 'boundary layer thickness' must be
défined, and FR oprovides this definition. If FR 1is set equal to 0.01, the
bbundaty layer thickness upon which AILMGG 1is based is the distance from the
wall to the point where the velocity 1is within 1 percent of free-stream velocity.

The suggested values for AILMGG given above are based on FR = 0.01l.
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AQ and BQ are turbulence constants which are used for the turbulence
energy equation, but also for the constant eddy diffusivity option. In the
former case AQ 1is the eddy diffusivity constant while BQ 1s the dissipa:
tion constant. Of the three constants, AK, AQ, BQ, only two are independspt.

The three are related by the equation:

AK = (AQ ** 0.75)/(BQ ** 0.25)

If AKX = 0.41, some reasonable values for AQ and BQ are 0.22 and 0. 38.
Vhen the constant eddy diffusivity option is used (set K2 = 2, see below),

eddy diffusivity in the outer region is evaluated from the equation:

€M

~ - AQ * (Reynolds number) ** BQ
For an external boundary layer, momentum thickness Reynolds number is used; for
flow in a pipe or duct, diameter Reynolds number is used. Reasonable values
for the pipe case are AQ = 0.005, BQ = 0.9. i
YPMAX and YPMIN are controls on the values of y+ at the outer edge of
the Wall Function. They are operable whether the flow is ‘laminar or turbulent,
but are meaningless if there is no wall. Routine LAMSUB provides a scheme .-
whereby extra grid points can be automatically inserted between the wall and.
the next point out, or grid points can be removed from the same region. In‘
other words, the grid number N is changed. YPMAX sgets a maximum limit on
the value of y+ at the outer edge of the Wall Function. If this limit is ex-
ceeded an extra grid point will be inserted. YPMIN sets a minimum limit on
the value of y+ at the outer edge of the Wall Function. If y+ at the outer
edge is less than Ehis 1imit, the grid point nearest the wall will be removed.
When using the Wall Function, a typical procedure is to set YPMIN = 20.0
and YPMAX = 50.0 to 100.0. When bypassing the Wall Function, set YPMIN = 0.0
and YPMAX = 1.0. This scheme is also useful in setting up the initial pro-
files when it is desired to bypass the Wall Function.,<For example, a rather
coarse grid can be introduced in which y+ at the innermost point is, say,
50.0. Then 1f YPMIN = 0.0 and YPMAX = 1.0, the program will insert a se-
ries of points down to near y+ = 1.0, with optimal spacing. -
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The damping function constant for the viscous sublayer is read in the
next card. Two options are available, together with some variations. APL re~
fers to A+ in the Van Driest exponential damping function scheme; BPL refers
to B+ in the Evans linear damping function scheme. The program will use the
scheme for which the larger number is indicated, i.e., if APL 1is larger than
BPL, the Van Driest scheme will be used, and vice versa. In either case an
empirical internal correlaticn is used to modify the value of APL or BPL to
account for the effects of pressure gradient and transpiration. For the Van
Driest scheme, A+ = 25.0 1is suggested for external boundary layers, and
A+ =:26.0 for flow in a circular pipe. B+ = 35.0 appears to be about correct
for the Evans scheme.. In any event, the user is urged to experiment with the
constants and compare results agailnst proven experimental data. 1If it is de-
sired to not use the internal correlation for transpiration and pressure gradi-
ent, SIGNAL should be set to 1.0; otherwise SIGNAL may simply be left blank.
For example, the internal equation for the effects of pressure gradient is prob-
ably not valid for a free-convection boundary layer, or for any boundary layer
involving body forces in the flow direction, so in such a case set SIGNAL =
1.0.

:The next card contains a lag constant, PPLAG, to account for the time
required for the sublayer to adjust to different externally imposed conditionms,
such.as pressure gradient or transpiration. PPLAG = 4000.0 has been found to
be reasonably satisfactory.

‘Also Iin this card is read the turbulent Prandtl number, PRT(J}, for each
of the diffusion equations. PRT(J) 1s not read if the flow is laminar, nor is
it read if only the momentum equation is being solved. The program contains an
internal calculation for turbulent Prandtl number near a wall, based on a con-
duction model. The value of turbulent Prandtl number read here is the value for
a region far removed from the wall. However, this value is used in the near-wall
analysis and does affect it directly and importantly. Right at the wall, tur-
bulent Prandtl number is computed to be twice the value far removed from the
wall. For the energy equation it has been found that PRT(J) = 0.86 gives
reasonable results for air, and is also quite satisfactory for liquid metals.

In the latter case the internal analysis yields a turbulent Prandtl number over
the entire region of interest considerably greater than the value of PRT(J)
read in the input.
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For the turbulent kinetic energy equation the internal correlation is
not used, and a value of PRT(J) = 1.7 may be about right, although there-is
great uncertainty about this figure. .

If it is desired to suppress the internal calculation for turbulent Prandtl
number and thus use a constant turbulent Prandtl number (or turbulent Schmidt

number) throughout, set K3 = 3, as described later.

5.8 Other Constants and Output

The dimensioning system used is established in the next card. GC 1is the
constant in Newton's Second Law (gc). If SI units are being used, GC = 1.0.
If English FEngineering units are used GC = 32.2 (1bm ft)/(lbf secz), etc. CJ
is the proportionality factor in the First Law of Thermodynamics (J). Again,
if SI units are used, CJ = 1.0; but with Fnglish Engineering units, J =
778 ft—lbf/Btu. The other quantities read on this card, AXX, etc., are merely
auxiliary constants which may be employed by the user for special purposes,
after making appropriate adjustments inside the program.

The final card reads some integer numbers concerned with a number of dif-
ferent things. The first, NUMRUN, is the number of sets of DATA that are
to be read. Ordinarily this would be 1, but DATA sets may be stacked if de-:
sired. SPACE designates the number of integrations between output prints,-i.e.,
if SPACE = 10, the progfam will print out a complete set of results every 10
integrations in the x-direction. There are two special cases. If SPACE =-11,
a one-line set of abbreviated results will be printed out for every integration;
if SPACE = 21, a complete set of results will be printed every 20 integra-
tions, and a one-line abbreviated set will be printed for every integration.

OUTPUT 1is a number designating the particular output format to be used.
Three are presently available, designated by the integer numbers 2, 4, 6.

OUTPUT 6 is a general-purpose routine usable for any kind of problem. -
Complete profiles of all dependent variables are printed, together with numer-
ous other pieces of information such as shear stress at a wall, heat flux, en-
trainment rates, eddy viscosity, etc. This routine is the only one which is
usable for KEX = 1, as well as KIN =1, and it is the only one which should
be used when free-stream velocity is at or near zero.

OUTPUT 2 41s especially designed for external boundary layers when the

I-boundary is a wall. U+ and y+ are printed, as well as the dimensional
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profiles; and the non-dimensional parameters Cg/2, St, momentum thickness
Reynolds number, enthalpy thickness Reynolds number, are all printed.

OUTPUT 4 1is a routine for flow in a pipe or duct. Parameters peculiar
to this type of problem, such as mean velocity, mixed-mean enthalpy, and diam-
eter Reynolds number, are printed along with the pertinent profiles.

The options SPACE = 11 and 21 are available only for output routines
2 and 4.

Some additional data may be printed with any of the output routines by
seffing the indicator K1 (see below) to any number greater than 10. TFive
specially designated pieces of information, SP(1l), ... SP(5), will be prin-
ted, but they must first be assigned at some point in the body of the program.
This option simply provides the user with a simple method of capturing addi-
tional information of his own choosing.

The integer indicators K1, K2, K3, have been mentioned several times in
this chapter. These indicators provide the user with a convenient scheme for
causing particular things to happen within the program. They have already been
used for a number of purposes, but the user still has the option for other uses.

The uses already programmed are as follows:

K1 greater than 10: Five specially defined pieces of information will

%

be printed in all of the output routines.

K1 equal to 9 or 20: DELTAX becomes equal to AUX1(M), and the input
value of DELTAX is overridden.

K2 equal to 2: Prbgram will use the constant eddy diffusivity
option in the outer region, rather than mixing-
length.

K2 equal to 3: An intermal empirical equation for AIMGG will be

suppressed, and the input value of ALMGG will be

used throughout.

. K3 equal to 3 An internal calculation for turbulent Prandtl num-

2 ber will be suppressed, and the input values of

turbulent Prandtl number will be used as a constant

throughout.
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Chapter 6

PROGRAM ORGANIZATION ;

6.1 Structure of the Program

Program STAN5S consists of a driver program and six subroutines.

The driver program, MAIN, sets all boundary conditions and conducts the
integration. 1In addition, fluid properties, entrainment, DX stepsize, and
integral parameters are calculated in this routine.

SUBROUTINE STEP is a package containing five subsections. In STEP(l), the
initial slip points and B and Y near the I and E surfaces are computed.
STEP(2) computes the initial radii and converts the initial y's to yY's and
then to w's. These two routines are required only at the start of integra-
tion or if LAMSUB readjusts the profiles. STEP(3) computes y's from the veloc-
ity profile, and the VY distribution and the radil associated with these 'y
locations. Also, the velocity profile is searched for its maximum and minimum
values, and the boundary layer thickness 1s determined. In STEP(4), all finite-
difference coefficients are formed and the resulting FDE's are solved. STEP(5)
1s used to initialize variables at the start of integrationm. .

If one of the bounding surfaces 1s a wall, SUBROUTINE WALL computes wail
shear stress and heat flux, along with Cf/2 and St. The internal correla-
tion for A' or B' as a function of V:, P+, and BF+, and LAMSUB, are
contained in this subroutine.

Effective viscosities and effective Prandtl numbers for turbulent flow:
calculations are computed in SUBROUTINE AUX, and, in addition, all source
terms for the ¢-equations, e.g., viscous dissipation or TKE production and dis-
sipation.

Printing during integration is via SUBROUTINE OUT, which contains three
subsections, with the first designed primarily for externmal boundary layers,
the second for pipe flows, and the third for a general output.

SUBROUTINE PROP2 is a variable-properties table for air at moderate tem-
peratures, to be used with compressible flow calculations.

SUBROUTINE INPUT reads and prints all input variables. 1In addition, 1t
performs diagnostics on these variables to look for "pitfalls" associated with

setting up a problem or incompatibilities among the variables.
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6.2 MAIN

The driver of any program is generally the most complex routine, and the
one contained in STAN5 is no exception. Therefore, it has been diagrammed
and 1s given in Figure 6.1. Since the flow chart presents the sequence of

events straightforwardly, no further discussion is felt necessary.

6.3 STEP

Five sections comprise STEP(K), with STEP1l, STEP3, and STEP4 very simi-
lar in content to that found in Patankar and Spalding [1,2].

"~ STEP1 computes slip-point quantities near the I and E surfaces and
B -and Y (see Section 4.3). This routine 1s used only for the initial pro-
files and for profiles readjusted by LAMSUB (see Section 3.5).

STEP2 has two functions, and is used only for the initial profiles and for
profiles readjusted by LAMSUB. It computes the radii that correspond to initial
values of y 1in the velocity profile. It also converts the initial y table
to ¥, using equation (4.1), and finally to w, OM(I), using equation (4.4),
with wI arbitrarily set to zero., Note that integration of equation (4.1) be-
tween the 1 and E surfaces gives mass flow rate per radian (or unit depth
for two-dimensional flows). The variable PEI is this quantity. For internal
flows, PEI remains constant (unless there is mass transfer at the wall), and
for external flows PEI 1s increased at each integration step due to entrain-
mént or wall mass transfer.

STEP3 has three functions; it is called at each integration step. This
routine computes y locations of the nodes by integrating the velocity pro-
file using equations (4.1) and (4.4) and the mass flow rate per unit radiam,
PEI. The radii are then calculated from the y's. Finally, the velocity pro-
file is searched to obtain maximum and minimum velocities, UMAX and UMIN,
and the input variable FR 1is multiplied times (UMAX - ﬁMIN). The y table
is then interpolated to obtain the location for this product, YL; this vari-
abie is the boundary layer thickness, defined as delta sub (1.000 - FR). For
pipe flows YL is the wall radius.

STEP 4 has two functions; it is called at each integration step. It com-
putes the velocity finite-difference coefficients AU(I), BU(I), and CU(I),
and those for the ¢ equations, A(J,I1), B(J,I), and C(J,I). The TFDE's
are then assembled and soclved to obtain profiles for velocity, U(I), and
¢-dependent variables, F(J,I).
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CALL INPUT to
read input and
check for errors

<:input errors)*——-—

1oor>

P

CALL STEP(5) to
initialize variables

|

6 set initial wall mass flux

locate XU, X(l):XUiX(N)CBC)

|

CALL STEP(1l) to set
initial slip pts. B, Y

[

10

15 set fluid properties
|
CALL PROP2
{ variable prop;>b—- 0. 1. Pr
il
205 set wall transverse

curvature radius

G

| 58

e

410

set pressure gradient

INTG=0 or LSUB> 0>—

CALL STEP(2)
OM's, PFI

CALL STEP(3) to calculate
y's, r's, UMAX, UMIN, § 99

l

set entrainment

l

345 set DX stepsize
XD = XU + DX
i
405 set body forces

|

Figure 6.1.
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58 CALL WALL

Ty Cf/2, q;, St
LAMSUB

(>

|

‘ 500

calculate integral
parameters
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CALL AUX to calculate
EMU, PREF, SU sources

l

CALL OUT to
print for X = XU

< xp I> XL > 1ooo>

set wall mass f1ux1

701 set wall ¢
boundary conditions

7

0 CALL STEP(4) to
cale. f-d coeffs.
integrate eqns. at

X = XD

!
set XU = XD

15

<o

{
00 another data set::>>— 5 ::::>

Flow chart of the driver routine in STANS.



STEPS5 is called at the beginning of the program to zero the arrays and

initialize parameters.

6.4 WALL

~ SUBROUTINE WALL performs the functions described in Sections 3.1 through
3.5 to determine friction factor and Stanton number. It is called one or
more times per integration (depending on whether LAMSUB is invoked) providing
one surface is a wall. ‘

! The first part of the routine sets up the join point conditions for veloc-
is YI; is UT; is FI(J);

*
V2.5 Us s Is.s

and Re2 5 is REW. The shear velocity UT, UTAUW, 1is also computed using

the wall shear stress from the previous integration step.

ity and stagnation enthalpy:

The second part of the routine sets up various source terms for the stag-
nation enthalpy Wall Function equation (3.14). The variable €3 is W, C4
is W - X+/2, and C5 1s the term in equation (3.4k) to convert s to S+.
Since the non-dimensionalizations contain i; in the denominator; an adiabatic
wall should be simulated with a very small but non-zero heat flux,
~In the third section Couette flow quantities are formed: PPL is P+;
GPL, is V:; and BFPLUS 1is X'. These quantities are then converted into

effective values by solving a lag equation (2.25) for V: of £’ GPLE; and for
(P+fx+)eff, PPLE. The constant in equation (2.25) is the input variable

PPLAG. Finally, the Af orT B+ equation (2.24) is evaluated using these

effective values. If transition from laminar to turbulent flow is in progress,
A+ or B+ is modified according to equation (2.38).

- The fourth section examines the join-point Reynolds number. If it is less
than 4 (which is synonymous with setting the input variable YPMAX < 2), the
Wall Function is bypassed (section six below); otherwise section five 1is used.

; The fifth section of SUBROUTINE WALL is "using the Wall Function". Here
equation (3.9) is solved for U’+ and equation (3.14) is solved for I*+. Both
equations are numerically integrated by a trapezoidal rule using progressively
larger Ay+ steps, DYPL. In the output from this section Y;.S is YPL,
U;.S is UPL, and I;TS is HPS(J). When the U+y+ product equals ReZ.S’
control is transferred to section seven, described below. During integration

+
T and y+ are continuously monitored, and if T+ becomes less than 0.1 ot
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y+ becomes greater than YPMAX, control is transferred to LAMSUB to insert
a new point near the wall. '

The Wall Function bypass option is contained in the sixth subsection of
WALL. BHere equations (4.18a-c) are solved for y;.s, with U;.S computed
from the definition of ReZ.S'

Outputs from either section five or six are used in section seven to com-
pute wall shear stress, TAUW, wusing equation (3.1la). The friction factor,
CF2, 1is then formed following equation (3.11b). If there are no ¢ equations
being solved, control is passed to section ten of WALL.

If ¢ equations are being considered, section eight is used, providing the
Wall Function is being bypassed, and equation (3.20) is solved for I;TS'

Section nine uses I;TS from either section five or eight to compute wall
heat flux, QW(J), and Stanton number, ST(J). If there is a total flux
boundary condition, the wall value of ¢ 1is computed (see Section 3.3.2).

Routine LAMSUB is contained in the tenth section. It is invoked in accor-

dance with equation (3.21), which is fully described in Section 3.5.

6.5 AUX

In the first part of subroutine AUX, the turbulent viscosity and conduc-
tivity for each node is computed and added to its laminar counterpart to ob-
tain an effective viscosity and conductivity.

Computation of the turbulent viscosity at each node begins with evaluat-
ing the damping function, DV(I), as described by equation (2.22) or (2.23).
Then the 36.99 mixing-length, AL, 1is evaluated according to equation (2.26),
with A, ALMG, obtained from equation (2.27). If the flow is in the near-wall
region, the mixing-length is switched to kyD, equation (2.21)

Once a mixing-length for the node 1is established, the turbulent viscosity
ut, EMUT, is evaluated using either the Prandtl mixing~length model, equation
(2.19), or the constant eddy viscosity model, equation (2.36), or the turbulent
kinetic energy model, equation (2.28). The turbulent viscosity is added to the
laminar viscosity to form an effective viscosity, EMU(I), as defined by equa-
tion (2.6).

If the stagnation entahlpy equation is being solved, the turbulent Prandtl
number, PRTJ, 1is set either to its input value, PRT(J), or to a value cal-

culated using the variable turbulent Prandtl number model, equation (2.37).
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For TKE the input variable is the turbulent Schmidt number. An effective
Prandtl/Schmidt number, PREF(J,I), 1is formed according to equation (2.14).
In the second part of subroutine AUX all source terms for the ¢-equa-
tions are formulated. The sources are defined as all terms to the right of
the equal sign after a ¢-equation is transformed using equation (4.7), and

finite-differenced according to equation (4.11).
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Appendix 1

PROGRAM NOMENCLATURE

A(J,I) Finite-difference coefficient for ¢-equations.
A2 ~Integral term in Couette flow form of momentum equation.

ATE(J) Linear-interpolated value of FJ(J,M) if flux type boundary condition
’ and F-surface is a wall.

AJI(ﬁ) Linear-interpolated value of FJ(J,M) 1if flux type boundary condition
and I-surface is a wall.

AK Kappa in Prandtl mixing-length model.

ALMG Outer layer constant in Prandtl mixing-length constant, modified if
low Reynolds number (K2#3).

AIMGG Input value of outer layer constant in Prandtl mixing-length model.

AM(M) Wall mass flux boundary condition, positive in direction of increas-
ing vy.

AME Linear-interpolated value of AM(J) if wall mass flux and E-surface

) is a wall. e

AMI Linear-interpolated value of AM(J) 1if wall mass flux and I-surface
is a wall.

APL Van Driest damping coefficient in mixing-length model, input value

SIGNAL=1.) or computed from internal correlation (SIGNAL=0.).

AQ Production constant in TKE model or constant in eddy diffusivity
model.
AU(T) Finjite-difference coefficient for velocity equation.

AUX1(M) Generalized x-direction body force for momentum equation (BODFOR=2)
in units of force/unit volume, specified at each X(M).

AUX2(M) Generalized energy equation source [SOURCE(J)=2,3] 1in units of energ:
' rate/unit volume, specified at each X(M).

AUXM1 Linear-interpolated value of AUX1(M).

AUXM2 Linear-interpolated value of AUX2(M).
AXX Not used by program.
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B(J,I) Finite-difference coefficient for ¢-equation.

BETA Power of y in slip scheme, near-wall region.

BF (1) Body force term for momentum equation (gravity, AUXMl for BODFOR#0) .
BFPLUS  Body force in "wall coordinates" (X').

BODFOR Type of body force for momentum equation.

BPL Evans damping coefficient in mixing-length model, input value
(SIGNAL=1.) or computed from internal correlation (SIGNAL=0.).

BQ Dissipation constant in TKE model or constant in eddy diffusivity
model.

BU(I) Finite-difference coefficient for velocity equation.

BXX Not used by program.

c(J,1) Finite-difference coefficient for ¢-equation.

CAY Acceleration parameter, (v/Ui)dUm/dx.

CF2 Wall friction coefficient, Cf/2.

cJ Conversio; factor, mechanical to thermal energy.

CSALFA Cosine a, to relate y and Tr.

CU(IL) Finite-difference coefficient for velocity equation.
CXX Not used by program.

DEL1 Boundary layer displacement thickness.

DEL2 ~Boundary layer momentum thickness.

DEL3 Boundary layer enthalpy thickness.

DELTAX Maximum integration stepsize (DELTAX * YL).

DPDX Pressure gradient due to free-stream velocity variation and free-
stream body force (pressure gradient to comserve continuity and
momentum if pipe/channel flow).

DX Integration stepsize (computed by program).

DXX Not used by program.
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EMU(I)
ENFRA

EXX
F(J,I)
FI(J)
FI({J,I)
FLUID
FMEAN

FR

FRA

GAMA (J)

GEOM
GPL

GV

I
INDE(J)
INDI(J)
INTG

ITKE

Effective dynamic viscosity, sum of laminar and turbulent contributior
Entrainment fraction to control boundary layer entrainment.

Not used by program.

¢-dependent variable in ¢-equations (e.g., stagnation enthalpy or TKE
equations) at Y(I).

Join-point Galue of F(J,I).

Boundary value of F(J,I), specified at each X(M) [level if
TYPBC(J)=1 and flux if TYPBC(J)=2].

Type of free-stream fluid.
Bulk-mean stagnation enthalpy for pipe flow, to adjust Stanton number
Defines boundary layer thickness.

Fraction to determine DX stepsize.

Power of y 1in slip scheme, near-wall region.
Proportionality constant, Newton's 2nd Law.
Geometry descriptor.

Blowing parameter in ''wall coordinates" (V:).

Gravity constant for momentum body force.
Boundary layer shape factor.

Cross-stream index for dependent variable (I =1 at y = 0).
Type of boundary condition at E-surface (TYPBC(J)).

Type of boundary condition at I-surface (TYPBC(J)).

Integration step counter.

I 1index value at edge of mixing-length model/TKE model boundary.

Index for ¢-equations (all J loops bypassed if only solving velocit:
equation).
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KASE Flag to identify if one surface is a wall.

KD Flag to determine how damping coefficient will be determined for
Prandtl mixing-length model.

K1l Flag to control print of SP(I) and changes in DELTAX.

K2 Flag to suppress corrections to AIMGG or to use eddy diffusivity
model.

K3 Flag to suppress use of internal correlation of turbulent part of
PREF(J,I).

KENT Flag to control the entrainment calculation.

KERROR Flag to terminate program if input data error detected.

KEX Type of E-surface.

KIN Type of I-surface.

KRAD Flag to identify if transverse radius effects are to be included in
equations.

LSUB Flag to activate the LAMSUB routine in subroutine WALL.

LVAR Flag to prematurely terminate program (e.g., if dimensioning ekceeded,

negative pressure, etc.).

M Index for boundary condition location.
MODE Flag to signal laminar or turbulent flow.
N Number of initial stream tubes (which requires specification N +1

initial profile points).

NEQ Number of equations to be solved.

NIND Counter for number of data sets executed.

NPH Number of ¢-equations to be solved (NEQ-1).

NPl N + 1.

NP2 N + 2.

NP3 N + 3.

NUMRUN Number of consecutive data sets to be processed.

NXBC Number of boundary condition locations (X(1) < X(M) < X(NXBC)).
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OM(T)
oMD (1)

OUTPUT
PEI

PO
PPLAG
PPL
PR(J,I)
PRC(J)
PRE

PREF(J,I)

PRO

PRT (J)

QW (J)

QWF(J)

R(I)
RBOM(I)
REH
REM
RETRAN
RHO(I)
RHOC
RHOM

ROMD(TI)

Non-dimensional stream function.

OM(I+1) - OM(I).

Flag to signal type of print format, related to GEOM.

Boundary layer mass flow rate per unit radian (or per unit depth if
transverse radius not considered).

Initial free-stream static pressure,.

Lag constant feor changing P+, X+, V:.

Pressure gradient parameter in wall coordinates (P+).

Laminar Prandtl number.

Constant property laminar Prandtl/Schmidt ﬁumber.

Pressure at X = XD.

Effective Prandtl number, combining the laminar and turbulent Prandtl
numbers.

Pressure at X = XU.

Initial value of turbulent Prandtl number for d¢-equation (asymptote
if variable turbulent Prandt]l number model used).

Flux of ¢~equation at a wall (positive in positive y-direction).

Flux of ¢-equation at a wall/ [F(J,wall) - FI(J)].

Transverse radius of finite-difference node at Y(I).

1./[0M(I+1) - OM(I-1)].

Enthalpy thickness Reynolds number.

Momentum thickness Reynolds number (diameter Reynolds number for pipe flow)
Reynolds number for laminar-to-turbulent transition.

Fluid density.

Constant property fluid density.

Fluid density at location of FMEAN for pipe flow.

1./[OM(I+1) - OM(1)}].
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RW (M) Distance from axis of symmetry to body surface, specified at each

X(M).
RWO Wall radius for pipe flows.
SC(T) Diffusion term for velocity equation (small c).
SD Source term at X = XD, not used by program.

SOURCE(J) Type of source function for ¢-equation.

SP(I) Special print array, user supplied.
SPACE Print spacing.
ST(J) Wall Stanton number (based on FMEAN if pipe flow).

su(J,I) Source term for ¢-equation.

T(I) Static temperature if stagnation enthalpy equation (FLUID = 2);
shear stress if no ¢-equations. .

TAU Shear stress at join-point location,

TAUW Wall shear stress.

TYPBC(J) Type of boundary condition for ¢-equations (level or flux).

u(L) Velocity-dependent variable in momentum equation at Y(I). s

UG (M) Free-stream velocity, specified at each X(M), except for pipe/channel
flows.

UGD Free-stream velocity at XD, obtained using 3rd order spline fit to
uG(M).

UGU Free-stream velocity at XU, obtained using 3rd order spline fit to
UG (M).

U1 Join-point velocity.

UMAX Maximum U(I) in velocity profile.

UMIN Minimum U(I) 1in velocity profile.

VISCO(I) Laminar dynamic viscosity.

VIscoc Constant property laminar dynamic viscosity.
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X(M) Location along wall (centerline if no wall) where boundary values
are given.

XD Dovnstream value of x where differential equations are solved.
XL Value of x where integration terminated.
Xu Value of x where integration begins; during integration the upstrear

value of x.

Y(I) Independent variable, perpendicular to x, measured from I-surface.
YﬁM Location for (1 - FR) * UMAX.

Y;P Location for (1 - FR) +« UMIN.

YPMAX Maximum y+ at outer edge of Wall Function.

YPMIN Minimum y+ at outer edge of Wall Function.
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Appendix II

OUTPUT NOMENCLATURE

AME éﬁ, wall mass flux, Figure 4.1, or entrainment, equation (4.15).

AMT é%, wall mass flux, Figure 4.1,

APL A+, Van Driest damping constant, equation (2.22).

BETA B, slip constant, equation (4.13a); or -H * ReM * K/Cf/Z, ac-
celeration parameter, OUIPUT = 2,

BPL B+, Evans damping constant, equation (2.23).

CF2 CF/2, friction factor, equations (3.11b) or (3.24).

EDR ueff/u, effective/laminar viscosity, equation (2.6).

EMU(I) ueff’ effective viscosity at y location, equation (2.6).

F ézwall)/pU(free stream)’ blowing fraction.

F(1,D) dependent variable at y location for first é¢-equation.

F(2,I) dependent variable at y location for secqnd ¢-equation.

F(1l,wall) dependent variable, wall value.

M E*, mean stagnation enthalpy, equation (3.éi).

FW I* at wall, stagnation enthalpy.

G Clauser parameter, (H—l.)/(HJEETE , OUTPUT = 2.

GAMA (J) Y, slip constant, equation (4.13b).

H 61/62, shape parameter, equations (3.22a-b).

HPLUS(I) I*+ at y location, equation (3.41).

I y location.

INTG integration number.

K acceleration parameter, (v/Ui)dUw/dx.

NU Nu, Nusselt number, equation (3.26).

oM(1) w, equation (4.4).
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PEI

PPLUS

PRESS
PRESSURE

QWALL
R(I)

RE

REM

REH

RHO(1)

RHO (NP 3)
SP(I)
SQRT(K) /UG
ST(J)

T(I)

fAUPLUS
TAUWALL
u(I)
UGU

M

UPL,
UPLUS (I)

VWPLUS
XU
Y(I)

YPL,
YPLUS(I)

(wg-w ), boundary layer mass flow rate/radian (on unit depth),
equat}on (4.4).

+
P, pressure gradient parameter, equation (3.4g).

fluid thermodynamic pressure.

&o, wall heat flux, equation (3.15a).

r, radius at y location.

Reynolds number, equation (3.29), OUTPUT = 4.

ReM, momentum thickness Reynolds number, 62Uw/v, equation (3.22b
ReH, enthalpy thickness Reynolds number, AzUm/v, equation (3.22c
p, fluid density at I-surface.

p, fluld density at E-surface.

special output array, user supplied.

‘J;E7Z/Um, turbulent kinetic energy equation.

St, Stanton number, equation (3.15b).

static temperature, degrees Rankine; or T+, equation (3.4f),
if NEQ =1 and OUTPUT = 2.

T+, equation (3.4f).

T, wall shear stress, equation (3.1lla).
U, velocity at y location.

U at print location.

U, mean velocity equation (3.28).
U at y location, equation (3.4b).

V:, equation (3.4c).
x at print locatiom.

vy, dependent variable location.

y+ at y location, equation (3.4e).
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Appendix III
STAN5 PROGRAM

CesessTURBULENT BOUNCARY LAYER PREDICTIUN-—-PATANKAR/SPALDING METHOD
CeoneoKAYS/STANFORC VERSION, DESIGNATION STANS, DECEMBER, 1975
c..l'.
CeeessIN THIS VERSICN ECDY VISCOSITY AND THE EDDY CONDUCTIVITIES ARE
CeeseooCALCULATED EITHER BY THE MIXING-LENGTH METHOD OR FROM SOLUTION
CeoseeasCF THE TURBULENT KINETIC ENERGY EQUATION. IF THE LATTER METHO
CoveseTO BE USED IT IS MERELY NECESSARY TU ACTIVATE ONE ADODITIONAL O
CeveesUSION EQUATICN IN THE INPUT ROUTINE, AND TO SET SOURCE = 2 FOR
CevesoTHAT EQUATION. THE SHIFT OF METHUD IS THEN AUTOMATIC. NOTE 7
CesesesTHE PROGRAM IS5 SET UP ONLY FOR A ZERO OR A INE-EQUATION MODEL
Ceeess TURBULENCE. ADDITIONAL THODUGH MINUR MODIFICATION IS NECESSAR
CooessPULTI-EQUATICN MOCELS.
CeonssTHERE IS ALSC AN CPTION FOR WHICH EDOY
Cevwse-REGION OF THE BOUNDARY LAYER 1S EVALUA
CesseeNUMBER CORRELATICA,
c.....
INTEGER GEOM,FLUIC,SOURCE(5),SPACE,BODFOR,JQUTPUT,TYPBL
CDHHON/GENIPEIollloANE.DPJXrXU.XD.XL.DX-INTG.CSALFA'TYP8C|SI-

Y

DEFFUSIVITY IK THE OUTE

IFODE.PRTISIgPIE.NXGC.X(lOODpRH(lOOJ.FJ(5.100)1GC.CJ.AH(lOO).PRO.

ZUG(IOO'.PO.SCURCEpﬂETﬂAN'NUHRJN'SP&CEvRﬂD:PPLAGoDUTPUTQDELTAX!
3/E/NvNPIpNP29NP3'NEQ'NPH'KEX'KIN'KASE'KR‘D.GEOH.
4/GG/BET‘pGAH‘(5"AJl(S'vAJE‘5'QINDI(S)rlNDE(ﬁ"TAU'OﬂF|5,
5/V/U(54)9F'5'54'vl‘ﬁ"p0H|5§'.Y‘56|oUGUnUGD'UI'Ftlsl
6/UISC(54l.AU(54).eU(Shl.CU(SQ)'A(S.Ssl.B(S.Eb).C(S.Ski,SU(S.Sh
7ILIAK.ALHG.ALHGG.FRA.APL.BPL.AQ.BQ.EHU(56).PREF(S.S‘!.AUKMI
8/L17YLy URAX UMIN ¢FRyYIP, YEM, ENFRA KENToAUXM2
9/P/RHU(54’onSCO(5§l09“‘505#)'RHDCoVISCDCoPRC‘5'07(54"RHO".
l/O/HoREN.CFZiST‘5)vLSUB'LV‘RoCAYqRﬁHoPPLvGPL-O“(S'1KD
2/CN/AXX|BXXnCX‘oCl!'EKX'KlpKZpKB.SP(54)vAUXlllOO'pAUXZ(100'179
3/A0D/RBOMIS54) ,OMC(54) ,ROMD {541 ITKE

DIMENSION AMEF(S)AMIF(5)
DIMENSICN FPPI100)},AFPP(100),BFPPI100),CFPPI{100]}

Cesene

CoeeossPROGRAM DIMENSIONED FOR 50 FLOW TUBES

Ceosve]F DIMENSIONING CHANGED, SEE ##% CARDS IN SJBS WALL AND OUT

C....‘

NUMRUN= 1

NIND=O

KERROR=0

NIND=NIND+1

8F

—————c e ———e e e ——e==- INPUT

CALL INPUT(XERROR)
IF(KERROR.GY.,0)GC YO 1000

memeemmm—mec——ecem e e === STEPS

CALL STEP(S)}

M=)

M=Mel

IF (XUsGToX{M}} GO TO 6
ANIE'AHIN°1!O(AH(HD-AH(H'lID‘(KU-X(H-I)!I(X(N)-X(H-1|’
AUXHI-AUXIIM-I)O(AUXI(N)-AUKI(H-I))O(KU-K(H-I))l(xlﬂ!-l(ﬂ-lll
AUXHZ-AUKZ(H—!!0(‘UXZ(HI-AUIZ(N-lll‘(XU-X(H-l)lI(X(ND—X(H-l)I
IF (KEX.EQ.1) AME=AMIE

IF (KIN.EQel) AMI=AMIE

e 1 152

10 CALL STEP(1)

15 CONTINUE
— FLUID PROPERTIES

c -
Ceesno FLUID PROPERTIES EITHER SET EQUAL TO INPUT DATA
Ceeseo.OR COMPUTED BY CALLING A VARIABLE PROPERTIES

77
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OF POOR QUALTy,

¢ FMEAN,TAUM

MAINOOOO
MAINOO10
¥ATNOO20
MAINOO30
MATN0040
D ISMAINODSO
IFF-MAINOO&O

MAINOOT0
HAT MAIN0OSO
OF MAIN0090
FORMAINO100

MAINO110

MAINO120

14

R

TED DIRECTLY FROM A REYNOLDSMAINO130

MAINO140
MAINO150
YAINO160
MAINO1TO
YAINO180D

GV MATINO190

FLULD,B80DFOR, YPMIN¥AINO200O

MAINO210O
MAINO220
},SDMAINO230
MAINOQ240
#AINO 250
{54 )MATINO260
MAINOZ270
MAX MAINOZ280
MAINDO290
¥AINO300
¥AINO310
MAINO311
MAINO3L2
PAINO3L]
MAINO320
MAINO330
MAINO340
“AINO350
MAINO360
——=MAINO3T0
MAINO38O
MAINO390
——=MAINO400
¥AINO4LD
MAINO420
MAINO430
MAINO440
YAINO450
MAINOASO
MAINOATOD
MAINO48O
“AINO4S0
-—=—MAIN0500
MAINOS10O
MAINO520
====MAINOS530
MAINOS40
MAINO S50



CeesesSUBROUTINE SUPPLIED BY USER.

[F(FLUID.NE. 1) GO YO 115
IFUINTG.GT.0) 60 TO 205
00 110 I=1,NP3
VISCO(I)=V]1SCOC
AHO( 1) =RHOC

Tili=]1,

IF (NPH.EQ.0) GO 10 l10

" DD 105 J=1,NPH

105
110

115

120

GO TO 130
CoesesCALLS FOR OTHER PROPERTY SUBROUTINES CAN BE INSERTED HERE.
CeuvssALSO NECESSARY TO CHANGE PROPERTY CALLS IN SUBROUTINE waLL.
122 CONTINUE
124 CGNTINUE
130 CONTINUE
c e e e e e WALL RADIUS ----

PR{J.I1)=PRCLJ)

CONTINUE

CONTINUE

G0 T0 205

00 130 I=1,NP3
IPROP=FLUTD-1

60 TO (120,1224124), IPROP
J=1

IF{SOURCE(J) «EQe2)4=2
CALL PROPZUI yFUJ oI )eTU1) o VISCOLI ) PRIL,1I,RAOTL})
IF (LVAR.EQ.7) GC TO 1000

CeeossWALL RADIUS AT EACH X LOCATION EVALUATED BY

CeoeaesBY LINEAR INTERPCLATION OF INPUT DATA

205

220

225

230

IF (LSUB.GT.0) GC TO 35

R12=RWIM}

R11=RW{M=-1)

X2= X(M)

Xl=X(M-11}
RUU=R11+(R12~-RI1I¥{XU~X1)/ (X2-X1}
IF(GEOM.EQ.TIGO TC 225
IF(GEOM.EQ.21GC TC 230

RWO=RUU

CSALFA= (SQRT (ABS{{X2-X1)®( X2-XL)-{R12~RL1)&(R12=-R11D))) /7 (X2~X11]) "~

IFIKINCEQ.2.ANC,KRAD.EQ, 1) RUU=RUU~-Y(NP3)E SALFA
IF{GEOM.EQ.4.0OR.GEOM.EQ.6)G0 TO 220
G0 YO 30

CSALFA=1.00

RUY=0.0

GO TO 30

CSALFA=1,00

IFUINTG EQ.0VPI=0.5%RUUPRIUSU( L) »RHO( 1)
[F(INTG,EQ,0)GO TC 30
PI=Pl~-AMI®RULSCX
IF(Pl.LE.D.0}RLUU=0.0
IF{PleLECOL.OYGEOP=S
IF(GEOM.EQ.6)IKIN=3

IF(GEOM.EQ.6)MRI TE(6,2208)
{F{GEOM,EQ.6)G0 YC 30
RUU=SQRT(PI®2,/7(L(1)¢RHO(1) )}

GO TO 30

CSALFA=1.00

IF(INTG.EQ.O0)EN=0.O
[FUINTG.EQ.O0)RWG*0.0
IF{INTG.EQ.,0)G0 YO 30
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MATNQOS60
MAINOSTO
MAINOSAO
MAINOSSO
FAINOGOO
MAINOG1O
MAINOG20O
MAINO630
MAINOG4O
MAINO650
PAINO SO
MAINOGTO
MAINOGBO
MATINO690
MAINOTNO
MAINOT10
MAINOT20
#AINOT30
MAINO 740
MAINOCTS50
RAINGT60
FAINOTT70
MAINQTB0
MAINDT90
MAINOSOQOD
MATNOBILD
MAINDB20
MAINOB830D
VATNQB40
MAINOBSO
YATMOBGEO
MAINOBTO
VAINO B8O
MAINOBOO
¥AINOS0OO
MATNOS]10
MAIND920
MAINO0930
MAINO940
YAINO9S50
MAIMNOS60
MAINOO9TD
MAIN0980
MAINQ990
MNAIN1900
MAIN1O1O
MAIN1020
MATN1030
MAIN1040
MAIN1D50
MAIN1060
WAIN10TO
MAINL1OBO
MAIN1090
YAIN1100
MATN1110
¥AIN1120
MAINL1130
MATIN1140
MAIN11SO



EN=EN+ AMI*®RUUSCX MATN1160
RWD=EN/ (RUUSL (1) *RHO(1)) MAIN1170
30 R(1}=RUU MATN1180
c - e L EE L L Lt et STEP2 -—--MAIN1190
35 If (INTG.EQ.0.CR.LSUB.GT.0) CALL STEP(2) MATN1200
IF (LSUB.GT.O0) GC TO 58 MATN1210
c - - mmmmmmemmmeesmemeec—— e STEP3 ~—--MAIN1220
CALL STEP(3) MATN 1230
c- et L L b ENTRAINMENT CONTROL ==-=-MAIN1240
If (GEOM,EQ.4.0R.CEOM.EQ.5) GO TO 340 MAIN1250
If (INTG.EQ.0) GC TO 345 MATN1269
UMM=UNAX-UMIN MAIN1270
PEIE=PEL/(RINP3ISYINP3)) MATN1280
PEI I=PEIE®RINP 2} /R(L) MATN1290
UDIFFaENFRA®UME vAIN1300
LACTI=ABS(U(3)-U(1))/UMM MAIN1310
UACTE=ABSIU(NP3)-UINPL)) /UMM MAIN1320
AMEN=AME ¢ (ENFRA-UACTE)®PEIE MATN]330
IF(ENFRALGT . 2. *UACTE)AMEN=AME/ 2. MAIN1340
IF(ABS(UINPLI~UIN}) . LE.UDIFF/2.)AMEN=ANE/ 2. MAIN1350
AMIN=0. MATN 1360
IF (KIN.EQ.2) AMIN=AMI - { ENFRA-UACTI)*PEI! VAIN1370
IF(ENFRA.GT.2.#UACT I JAMIN= AMI/ 2. MAIN138N
[F(ABS{U(3)-Ul4) VoLE.UDIFF/2.)AMIN=AN1/2. wAIN1390
IFINPH.EQ.0)GO TC 330 NATH 1400
IF(KENT.EQ.0)6C TC 330 FAIN1610
0O 312 J=1,NPH MAIN1420
FHAX=F(Js1) vAIN1430
FMIN=F(J,1) MATN 1440
0O 305 I=3,NF3 NAIN1450
IF(I.EQ.NP2ICC TC 305 VAIN 1460
TF(F(Js 1) .GT FRAXIFMAX=F{J 1) MAIN14T0
IF(F(Js 1) LY SFMINIFMIN=F (J,y 1) VAIN1480
1F (SOURCE( J) «EC. 2)FMAX=1, MAIN 1450
305 CONTINUE MAIN1500
FFMaFMAX=FMIN MATN1510
FOIFF=ENFRA®FIN MATNT520
IF(FMM.LT.0.11G0 TO 310 NATN1530
FACTI=ABS{F{J,1)-F(J,3})/FHN MAIN1540
FACTE=ABS(FIJyNPII-FUJoNPL))/FMM MATN1S50
AMEF { J)wAME ¢ (ENFRA-FACTE)®PEIE MAIN1560
AMIF (J) =0, MATN1ST0
If (KIN.EQ.2) AMIF(J)=AMI - (ENFRA-FACTII®PEILT MAIN 1580
310 CONTINUE - - MATN1590
IFCINDT (J) eEQe2+AND.ABSIAJE(J) ) oL T oo UOOLIAMEF(J)=0.0 MATN 1600
IFLINDE (J) . EC.2. AND.ABSUAJELJ) 1oLT..0001)AMIF{ S)=0.0 MAIN1E10
IF (FMM,LT. 00 L)AMEF(J)=0.0 MAIN1620
IF(FMM.LT.0.1)AMTF(J120.0 MAIN1630
312 CONTINUE #AIN1640
D0 325 J=1,NPH MATN1650
IF(J.6T.1)60 TO 315 MAIN1660
AMEMAX=AMEN MAIN1670
TF(KIN.EQ.2)AMIMAX=AKIN MAIN16RO
315 IF(SOURCE(J).€Q.2)GD TO 320 MAIN1690
IF(~AMEF(J)oGTo—APEN) AMEMA X=ANEF ( J) MAIN1700
IF(KINCEQ.2.AND.AMTF(J).GT cANIN)AMIMAX=AMIF () WAIN1T710
320 IF(KEXeEQe2) AME=AMEMAX MAIN1720
IF(KINCEQ.2) AMI=ANIMAX MAIN1T30
325 CONTINUE MAIr1740
GO TO 335 MAIN1750
79
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330 IF(XKEX.EQ.2) AME=AREN MAIN1760

IFIKIN.EQe2) API=AVIN MAINL1TTO

335 IFIXEX<EQe2.AND.AME.GT.0.)ANE=0, MAIN1780
AMMAX=PEIE®0.1 MAIN1800
IF(KEX.EQe2 ¢ ANDAME.LT o —AMMAX) AME=-AMMAX MAIN1810
IFIKINCEQe 20 ANC o AMT o GT LAMMAX JAM] = AMMA X MAIN1820

340 IFIKIN.EC.3)AMI=0. WAIN1830
IF(KEX.EQ.3)ANME=D, MAIN1840

c —— = e s e = —== DX SYEPSIZE ~~--MAIN1850
IF(K1.EQ.20.CR.K]1.EQ. FIDELTAX=AUXM] MAIN1B60

345 IF(ANM] - 0,0042,40,42 } MAIN1870
40 IF(AME =~ 0.0)42,44,42 MAIN188D

42 CX=FRA*PELI/(ABSI{R(L)SAMI-RINP3 I *ANE )} MAIN1890
IF{DXeGY<DELTAX®SYLIOXmDELT AXS®YL MAIN1900

GO TO 46 MAIN1910

44 DX = DELTAXeYL MAIN1920

46 IF(INTG.EQ.O0)GO TO 49 MAIN1930
IF{DOXeGT.20.¢DXOLOIWRITE(S ,%8} MAIN1940

49 IF(INTG.LY.10)0X=0,2%DX ¥AIN1950
INTG=INTG+] MAIN1960

xD = XU ¢ DX MAIN1970
CXOLD=DX MATN1980
IF(REM.GT.RETRAN}MODE=2 MAIN1990

IF (XDeGEs (XINXBCI-1o5%DX} ) XL=XINXBC)=1.5%0X MAIN2000
1F(XD.6T.X{NXBC) )PRO=PRE MAIN2010
IFIXD.GT.XINXBC}) GO TO S5 MAIN2020
Lo ~reersecsccccsssecanssas == BO0Y FORCE ----MAINZ2030
Cevves BODY FORCE(CTFHER THAN PRESSURE GRADIENT), SUCH AS MAIN 2040
Cecene BOUYANCY OR A BCDY FORCE PER UNIT VOLUME, FOR THE MAIN 2050
Cesese MOMENTUM EQUATION. POSITIVE IN THE POSITIVE X-DIR. MAIN2060
1f (BODFOR.EC.0) GC TO 410 MAINZ2070

DO 405 I=l,NP3 MAIN2080

. BF{I)=GVSRHOILI)}/CC MAIN2090

L IF(BODFOR.EQ.2)BF{I}=BF(1) ¢AUXML MAIN2100
405 CONTINUE MAIN2110
BFG=8F(1) ) NMAIN2120

IF (KEXeEQe2) BFG=BF{NP3) MAIN2130
crmmmeeme———eee PRESSURE GRADIENT - EXTERNAL FLOW ~--=-MAINZ140

C.-.-.PRESSURE GRACIENT FOR EXTERNAL FLOW COMPUTED BY MAIN2150
CeseeFITTING A 3RC CRDER SPLINE-FIT TD FREE-STREAM VELOCITY MAIN2160
Ceoees INTROCUCED IN THE INPUT DATA. MAIN21T70
410 IF (INTG.EQ.1) OPSUM=0Q,0 MAIN2180
IF (GECM.EQ.4)GO YO 435 MATN2190
IF(GEOM.EQ.51G0 TC 440 MAINZ2200

IF {INTG.NE.1} GO TO 415 MAIN2210

M=) MAIN2220
IFIKEXeEQe 2) UGUICE=UINP3) MAIN2230
1FIKIN.EQ.2.AND.KEX.NE.2IUGUIDE=VL(]}) MAIN 2240
RHOLD=RHOt1) MAIN2250

IF (KEX.EQ.2) RHCLO=RHO(NP3) MAIN2260
RHO2=RHOLD MAIN22T0
BFG=8F(1) MATN 2280

IF (KEX.EQ.2) BFG=BF(NP3} MAIN2290
FPP{1)=0. MAIN2300
FPP(NXBCI=0. MAIN2310
NXBCM1=NXBC~-1 VAIN2320

IF INXBC.EQed) GO YO 425 MAIN2330
DELI=X(2)-x(]1} ) VAIN2340

DO 411 I=2,NXBCM] MAIN2350
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DELM=DELI MAINZ2360

DELI=X(I¢1l)=X{1) MAIN23T0
OELSUMsDELI+CELM ] MAIN2380
AFPP (I )==DELT/OELSUM/2. - MAINZ2390
@FPP{]1)==DELM/DELSUM/2., MATIN 2400
411 CFPP(I1m3,o{UGII~-LI*OELI-UGLI)*DELSUM+UGI] +]1)%DELM)/{DELT*DELM MAIN2410
1#DELSUM) ’ PAIN2420
BFPP{2)=BFPPI2)SFFP{L1)+CFPPL2) , MAIN2430
IF (NXBC.EQ.3) GO TO 4l4 FAIN24AD
00 412 I=3,NXBCHM} MAIN2450
TRATIO=14/(1e-BFPP{I)®AFPP(]-1)) - WAIN2460
AFPP(1)=AFPP(1)8TRATIO MATN24T0
412 OFPP(I)={BFPPII)CBRFPPLI-1) ¢LFPP{]))*TRATID MAIN248R0
414 DO 413 I=2,NXBCM1 MATN2490
J=NXBCM1-1+2 MAIN2500
413 FPPUII=AFPPLJ)*FPP(Je1)eBFPP(J) ) MAIN251D
GO TO 425 MAIN2520
Coene ADJUSTMENT OF PRESSURE FOR CORRECT DENSITY MATN25130
415 IF (FLUIC.EQ.1) GC TO 425 MATIN2540
RHO2=RHO(1) _ YAIN2550
IF (KEX.EQe2) RHLCZ2=RHOINP3) MAIN 2560
DPDXN=DPDX*RKC2/RFOLD . ¥AIN2S5TO
PRE=PRE+{DPOXN-DFCX) *D.5¢DX/GC MATN 2580
RHOLD=RHO2 MAIN2590
GO TO 425 MAIN2600
418 psHe] MAIN2610D
OXM=X(M}=-X(M=1) YAIN2620
AA=0,16566662FFP(F-1)/DXNM ’ MAINZ2630D
BB=0, 16666663 FPP(VI/DXM MAIN 2640
CCoUG(M-1)/DXM~0,.1666666%) XMeFPP(M-1} MAIN2650
D=UG{M) /OXM=0, 166 EE6FDXMEFPPIM) MAIN 2860
425 CONTINUE MAIN26TO
FRO=FPRE MAIN2680
IF (XDeGT.X{(M}) GC TO 418 MAINZ2690
IF (INTG.EQ.1) UGCSAASIX(MI-XU)®E(X{M)=XUIe{X{MI-XU) MATN2TO0O0
1+B8B%(XU=X{M=1))B (XU~X(M=L) Jo{XU=X{M=2 )} elCo{XUM)-XU)¢D* (XU-X{M- ll)VA!NZTIO
IF{INTG.EQ.]l AND.ABS{UGUIDE~-UGD ) «GT +0.00i*UGUIDE)L VAR=5S T MATINZ2T20
UGU=UGD PAIN2130
XMXD=X(M)-XD WAIN 2740
XDMX=XD=X{M=-1) ’ MAINZ2TS0
UGD=AA®XMXD® XMXD # XMXD ¢BB*X DMNX* XDMX® XD MX +CL e XMX D+ O* XDMX MAIN2T60
CesaneIF IT IS DESIRED 7O INTRODUCE THE FREE-STREAM VELOCITY AS AN MAINZTT0
Coewvs ANALYTIC FUNCTION, RATHER THAN A TABULATIDN, THIS 1S THE PLACE YAIN2780
CeessasTO PUT IT INe IV THEN OVERRIDE> THE PRECEDING STATEMENT, MAIN2790
CoeonseTHE FOLLCWING 1S SPECIAL FOR t£QUILIBRIUM ADVERSE PG FLDWS. MAIN2800
CoeveoslF(XDoGToeBXX oAND+KY.EQaL1SIUGD2AXX®( {XO-CXXD/ {BXX=CXX))®%DXX MATN 2810
DPDX = (LUGU#UGD} @ {UGU-UGD)*0.5%RHO2/ ( XD-XU) ¢+ GCSBFG VAIN2820
CooseoNOTE THAT THIS PRESSURE GRADIENT IS ACTUALLY THE TRUE MAIN2R30
Cevses PRESSURE GRACIENY VTIMES G SUB C MAIN 2840
DPSUMsOPDX*D X+CPSLM YAIN28S0
PRE =P0+0PSUNM/GC MATN2B40
CeoseaTHIS PRESSURE IS USED ONLY IN THE PRIPERTY SUBROUTINE, AND THERE WMAIN28TO
CoeesoeONLY TO EVALLATE CENSITY. MAIN2880
GO YO 451 WAIN 2890
Cow=e —— eew PRESSURE GRADIENT = INTERNAL FLOW —----MAIN2900
435 CONTINVE MATN291D
PRO=PRE ®AIN2620
IF(INTG.EQ.]l JRHOF=RHO(1) MAIN2930
CoU=2 ., #PET/(RINPII*RINP3I*KHCOH ) VATN 2940
DPDX=—PEI®UGUS{R {NP3) -RN(O) /{ RWO*RWISR w0*DX) -2, ®CF2 4RHOM » MATN 2950
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1UGU*UGU/RINP3I) +GCoRF (1) NAIN2960

DPSUM=DPDX*D x+DPSULM YAIN2870

PRE =PO+DPSUN/GC vAIN2GRD

GO TO 445 ) ; MAIN 29590

440 CONTINUE YATN3000
PRO=PRE MAIN3010
IFIINTG.EQe 1 JRHONM=RHO(1) vLIN3020
UGU=PE I/ (R{NP3)®Y (NP3 }sRHONM) MAIN3030
OPOX=s-PEI*UGUS (Y (NP3 ) ~RWU) /(2. *RNOSRWUSRNI®UK) -CF2*PHOMSUGUSUGU/ “AIN 3040
1Y(NP3)+GCsBF (1) MATN 3050
OPSUNM=DPOX®D X +DP SUN VAIN3060

PRE =PO+DPSUN/GC MAIN3OTO

445 IF (XD.LE.XIM)) GC TO 451 HAIN3080
M=me} MAIN3090

GO TO 445 MAIN3100

451 CONTINUE YAIN3110
IF(LVAR.EQ.5) GO TC 1020 MAIN2120

IF (LVAR,EQ.4) GC TO 1010 MAIN 3140

55 IF(KASE.EQ.2) GO TO 65 ATN 3150
c. —————————— et LI T LS PR WALL —---=MAIN3160
58 CALL waALL YATN3170

IF (LVAR.EQ.&) GC TO looO MAIN3180
IF(N.LT.12) GO TG 1030 MAIN3190
IF({LSUBLGYL.0)G0 T1C 10 MATN3200

C =====e [NTEGRAL PARAMETERS - EXTERNAL FLOW ====MAIN3210
Cewss s CALCULATION OF CISPLACEMENT THICKNESS MUMENTUM THICKNESS, MATN3220
CeveesSHAPE FACTORy MOGPENTUM THICKNESS REYNOLDS NUMBER, AND THE ENTHALPYMAIN3230
Covese THICKNESS REYNOLCS NUMBER. MAIN3240
GO TO ‘500.500.500'538.538'5600560156005601v GEOM MAIM 3250

500 VISG=VISCO(NP3) NAIN3260
RHG=RHOINP3 ) MAIN32TO
IF(KIN.EQ.1)GC TC 505 MAIN3280
RHG=RHO (1) MATN3ZS90
VISG=VISCO(]) MATN32300

505 IF(UGU.LT.,0.001)GC TO 520 MAIN3310
SUML=0. MAIN3320

00 510 I=2,NP3 MAIN3330

510 SUML=SUML+(Y(I)-Y(I-1))®{R(1)eR(I-1))/2. MATIN3340
DELI=SUM1/RNC-PET/ (RWO*RHG*UGU ) MATN 3350
SUM=Q, MAIN3360

00 515 I=3,NP2 MAIN33T0

515 SUMsSUM+(Lle~(ULTIOULI-1})/(2.8UGU)ISONDI]~]) ) MAIN3380

. DEL2=PEI*SUM/(RMOSRHG*UGU) MAIN33950
Ceeee.CORRECTION OF INTEGRAL PARAMETERS FCGR TRANSVERSE CURVATURE MAIN3400
IF (KRAD.NE.l) GC YO 619 MAIN3410

IF (KIN.EQ.2) GO TC 517 MAIN 3420
OELL=RWO* {1, +SQRT (1, €2, *CSALFA®DELL/RND))/(CSALFA MAIN3430
DEL2=RWOS {1 .¢SQRT(1.242,8CSALFASDEL2/RNO) ) /CSALFA MATN3440

GO TO 518 MATN 3450

517 DEL1*RWO*(+]1 .,~SQRT(1,~2.¢CSALFA®DELL/RNO)}/CSALFA ) MAIN3460
DEL2=RWO* {+]1 ,~SQRT({1.~2,*CSALFA®DEL 2/RW3) ) /CSALFA FAIN34TO

519 CONTINUE MATN 3480
H=DEL1/DEL2 v MAIN3490
REM=DEL 2*UYGUSRHG/VISG MAIN3500

£20 CONTINUE MAIN3510
IF(NPH.EQ.O0)} GO TC 560 MAIN3520
REH=0, MAIN3530
IF{SOURCE(1) «EQe2.AND.NPH.EQ.L}60 TG 535 MAIN3S40

Jul MAIN3550
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IF(SOURCE(1) «EQ.2)J=2 ' MATIN 3560

Fu=F(J,1) ¥AIN3570
FG=F(J,NP3) MATN 3580
IF(KIN.EQ.1)6C TG 525 MAIN3590
Fuw=F{J,NP3} MAIN3600
FG=F(Jy1) MAIN3610

525 SUM=0. MAIN 3620
DO 530 1=3,NP2 vATN3630
DEL=OMD(I=1140.5¢(F(Js 1) ¢F(J,1-11=-2.9FG) ¥ATN3640

530 SUM=SUM+DEL MAIN3650
IF(ABS (UCU*{ FW-FC)14LT.0.00001)G0 TU 535 ' MATN 3660
DEL3=PE[#SUM/ (RWC#RHGSUGU® (FW-FG ) ) MATN3670

IF (KRAD.NE.1) GC TO 534 MATN3680

IF (KIN.EQ.2) GO TC 532 MATN 3690
DEL3=RWO*(~1.+SORT(1.+2.6CSALFA®DEL3/RWO) ) /CSALFA MATN3700

GO TO S34 MAIN3TIO

532 DEL3=RWO% (4] .~SQRT{1.~2.6CSALFASDEL3/RWO) ) /CSALFA MAIN3T20
534 REW=DEL3SUGU*RKG/VISG _ MAIN3T30
€35 CONTINUE NATN3740
G0 TO 560 MAIN3750

c -~ INTEGRAL PARAMETERS - INTERNAL FLOW -=--MATN3760
€38 FMEAN=0.0 MAIN3TTO
vISCOM=VISCOll) MATN3780
RHOM=RHO{1} VAIN3790

IF (NEQ.EQ.1)GO TC 555 NAIN 3800
IFUSOURCE(1) + EQe 24 ANDoNPH.EQ.1 160 TU 555 ' vATN3810

J=1 MATN 3820
IF(SOURCE(1) EQ.Z)J=2 MAIN3830
IF(ABS((FIJy1)1=F(JoNP3)))alTea0001)ST(J)=De0 MAIN3840
IF(ABST (F{Jy1)=F (J,NP3))).LT..0001)G0 TO 555 MAIN3RS0

00 540 I=3,NP2 WATN3860
DEL=(OMCI)=ON (I=11 ) (FLJ, L) eFLJ, I-20}/2, NAIN3870

540 FMEAN=FMEAN+DEL wAIN3880
MM=0 MAIN3890

545 MM=MM+] : ¥ATN 3900
RATIO=1.0 MAIN3910
IF(INTG.EQ.1)60 TC 550 MAIN3920
IF(MM.EQ.NP21GO TC 550 WAIN3930
IF(ABSUF(J, MM)=FFMEAN)oGToABS(F(J,MM)~F(J,MN¢1}))GO TO 545 NATN 3940
RATIO=(F(J MM )=FHEAN)/(FUJ,NN)-F(J MM +1) ) MAIN3950

550 RHOM=RHO (MM)—(RHO (MM)=RHO( MM+1) ) *RATIO MAIN3960
VISCOM=VISCO(MM)=(VISCO(MM)I-VISCOINM* 1) JRAT IO MAIN3970
CeseesSTANTON NUMBER AND CF2 ARE CALCULATED HERE BY SIMPLY MAIN 3980
CevoeesMODIFYING THE VALLES CALCULATED IN THE WALL FUNCTION MATN3990
Coee. .WHERE FREE-STREAM U AND F ARE USED. MAIN&000
ST(J)=ST(J)® (RHO (1) /RHOMI® (F(Js1)=F (J yNP3) )/ (FMEAN=F (J, NP3}) NAIN4010

555 REM=4.%PEL/(Y(NP2)3VISCOM) : MAIN 4020
CF2=CF2%RHO (1)/ (RKOM) MATN4030

560 CONTINUE MAIN4050
65 CONTINUE , - ' MAIN4080

c B cem- rmmme AUX ===-MAIN4090
CALL AUX A , MATN 100

c mem—emeeememeeme e meean oo OUT =—--MAIN4110
CALL OUT S MAIN4120
IF(LVAR.GT.1060 TO 1000 MAIN4130
Cevess THE TERMINATION CONDITIDN - MAIN4140
IF(XD.GT.XL) 6O YC 1000 MAIN4150

IF (KASE.EQ.2) GO TO 70 MAIN4160

c cpmecmmmcmme=cecs HALL MASS TRANSFER —=--MAIN41T0
CeeseoLINEAR INTERPGLATION OF WALL MASS TRANSFER DATA, MAIN4180
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Ceeos.BODY FORCE SOURCE DATA, AND ENERGY SQURCE DATA MAIN4190

CeevesFROM TNPUT DATA, MAIN 4200
AMIE=AM (M—1) ¢ (AM (M)=AM{N=-1) 18 XD-X{M~1} )/ (X (M) =X{M=1)) MATN4210

IF (KEX.EQ.1) AME=AMIE MAIN&220

IF (KIN.EQ.1) AMI=AMIE B MATN 4230
AUXML=AUX] (M=1)+ {AUXLEM)=AUXLIM=-1) 10 XD-X(M=1))/(X(M)=X{M=1]) MAING 240

Y AUXM2sAUX2(M=1)e [AUX2 EM) -AUX2{N-1)})®(XD-X{M=1) )/ (X {H)=X (M=1)) MAIN4250
CuveasIF IT 1S DESIRED TO INTRODUCE THE WALL SOUNDARY CONOITION AS MATN4260
CeesveAN ANALYTIC FUNCTION, RATHER THAN A TABULATION, THIS IS THE MATN4270
CeesssPLACE TO PUT IT IN. IT THEN OVER-RIDES THE PRECEDING STATEMENT. MAIN4280
¢ - ==oo- WALL F BOUNDARY CONDITION =~—=MAIN4290
CeesssLINEAR INTERPOLATICN OF WALL BOUNDARY ODATA MAIN4300
CeeesFROM INPUT DATA - MAIN4310
c...'. “AIN‘;ZO
IF (NEQ.EQ.1) GO TG 70 : MAIN4330

00 710 J=1,NPM MAIN4340

FQ = FI(JpM=1) & (FICIMI-FILIogM=1} )3 (XD-X{M=1))/{X(MI=XIM=1)) MATN4 350
CeaesoNOTE THAT FO IS EITHER A SURFACE PROPERTY, SUCH AS ENTHALPY, MAIN4360
CeeewsOR IT IS A SURFACE FLUX, SUCH AS HEAT FLUX. MAIN&3T0
CeseeslF IT IS DESIRED TO INTRODUCE THE WALL BOUNDARY CONDITION AS MATN 4380
CueaveAN ANALYTIC FUNCTION, RATHER THAN A TABULATION, THIS IS THE MAIN4390
CeeesePLACE TO PUT IT IN, IT THEN OVER-RIDES THE PRECEDING STATEMENT. MAIN4400
GO TO (701,704,704), KIN MATN4410

701 NINDJ=INDI(J) MATN4420
GO YO (702,703}, NINDJ : MATN 4430

702 FlJ,1)=FQ MAIN4 440
GG TO 704 MATN&4SO

703 AJIC(J)=FQ , MATN4460
704 GO TO (705,708,7C8), KEX MAIN44TO
705 NINDJ=INDE(J) MATN 4480
GO TO (706,7C7), NINDJ MAIN 4490

706 F(J,NP3)=FQ ¥AIN4500
G0 YO 708 MAIN4510

707 AJE(J)=FQ WAIN4S20
708 CONTINUE MAIN&530

"~ 710 CONTINUE MAIN4540
c - e L T PR STEP4 —=--MAIN&550
70 CALL STEP(4) , o o , o MAIN4S60
XU=XD MAIN45TO
PEI=PEI¢DX®(R(1) $ANI-RINP3 }SANE) MATN&S80

6o 10 15 o ‘ ¥ATN4590

1000 IFININD.LT.NUMRUNIGO TO 5 NAIN4400
RETURN MAIN 4610

1010 WRITE (64455) MATNG520
GO TO 1000 VAIN4630

1020 WRITE (6,450) MATN 4640
GO TO 1000 MATN&650

1030 WRITE (6,64) MATN 4660
60 TO 1000 ' ¥AING6TO

228 FORMAT(//% PROGRAP HAS SHIFTED TO GEOM=6 *//) VATH4680
64 FORMAT(//* PROGRAF TERMINATED BECAUSE THE NUMBER OF SPACES!'/ WAIN4690

1* IN THE GRID (N) GOT BELIW 12. AOD MORE GRID POINTS TQ'/ MAIN4T00

2* THE OUTER PART OF THE BOUNDARY LAYER®//) MAINGT10

450 FORMAT(/7° PROGRAM MAY HAVE TERMINATED BcCAUSE INITIAL VELOCITY!/ MAINGT20
1' PROFILE IS INCCMPATIBLE AT EITHZR Y(NP3) JR Y(1) WITH/ MATN4T30

2' THE INPUT FREE-STREAM VELOCITY PROFILE*//) MATM4 740

455 FORMAT (/10X,'PRESSURE HAS GOWE NcGATIVE,PROGRAM TERMINATED!) MAIN&TS0
48 FORMAT(//° DX HAS TAKEN A LARGE STEP FORWARD WHICH LONKS?/ vaATM4760

1¢ LIKE NOTHING BLY TROUBLE. PERHAPS Y(NP3) HAS BLOWN UP.'//) MAIN4T770

END MATNT780
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SUBROUTINE STEP(KSTEP) STEP0OOO

. STEPOO10
INTEGER GEOM,FLUIC,SOURCE(5),SPACE,BODFOR,OUTPUT,TYPBC STFPO020
COMMON/GEN/PET ¢APT yAME OPO Xy XU o XD s XLo DXo INTG s CSALFA,TYPBC(5), STEPOO30

1MODE yPRT(S) 4 PRE,NXBC, X{10d),RW(100),FJ(5,100)4GCoCJIyAM{100),PRO, STEPOOD4D
2UG(100) 4 POy SCURCE ¢yRETRAN, NUMRUNySPACE RO, PPLAG,DUTPUT,DELTAX,GV STEPDO50
3/E/N NP1 NP2 NP3 {NEQ,NPH,KEX yKIN)KASE yKRADGEOQOM,FLUID,BO0O0FOR, YPMINSTEPOD60
4/GG/BETA,GAMA{S) yAST(5),AJE(S5), INDIIS ), INDELS) yTAU,QWF(5) STEPQOOTO
S/IV/ULS54) sFU5454) yR{54),0M(54)sY(54) yUGUUGD UI 4FE(5) FMEAN,TAUW STEP0080
E/W/SCI54) JAULS4) JBULS4),CUL54) ,A15,54),815,54) 4C(5,54),5U(5,54),SOSTEPO0S0

T/70L/AK ALMG s ALMGG o FRA (APL ¢BPL)AQyBQy EMUI54) yPREF(54541,AUXM] STEPO100
8/LY/YLUMAX UMIN ,FR,YIP,YEMENFRA,KENT)AUXM2 STEPOL110
9/P/RHO(54) o VISCO{S54) ,PR(5y54),RHOC,VISCOC,PRC(5},T{54),RHOM,BF{54)S5TEPO]120
1/0/H,REMGCF2+STUS5),LSUB,LVAR,CAY ,REHsPPLyGPL,QW{5) (KD STFPO130
2/7CN/AXX g BXXoCXX ¢DXNJEXXp<Ll ¢K2yK395P(54) ,AUX1(100),AUX2{100),YPMAX STEPOL140
I/ADD/RBOP (54 ) CMC(54) ,ROMD (54) » ITKE STEPO150
Coessss STEPO160
GO TO (100,200,3C0,400,500), KSTEP STEPOL70
Casene STFP0O180
C-—-- f—memmcmcceceemcmcmcoscmeecememn STEP 1 =—===STEPD190
CoesesSTEPL COMPUTES SUIP POINT QUANTITICS,BeTA,GAMA (J) AT STEP 0200
CevsesBEGINNING OF INTEGRATION OR AFTER LAMSUB HAS STrRPO210
CoovesBEEN ACTIVATED. ) STEPD220
Cossee ] STEPD230
100 GO TO (22424,26) +KIN - : STEPO 240
22 IF{LSUB.GTL.0)GO YC 23 STEPO02S0
BETAs{U(4}/U(3)-1.)/{Y(4)1/Y(3)1-1.) STEPOD260

23 U(21=U(3)/(1.+2.%BETA) ) STSP0270
Y(2)=V(3})%BETA/(2.+BETA} STEP0 280

GO TO 30 STEP D290
Cosess FREE BOUNCARY ) STEP 0300
24 Ull=U(l)*uil) STYEPO310
L13=U(1)sUl 3) ) STEPO320
L33sU(3 )8y 3) 7 ) . STEPO330
SQ=84.%*Ul1-12,2U13¢9,.%y33 STEPOI&O
U(2)={16.%U11-4.,%U13¢U33)/7(2.5(U(1)+U(3))¢5QRT(50)) STEP 0350
Y(2)=Y{3)&(U{2)+L(3)=-2.30 1) De.5/(Uulcleul3)eull)) ] STEP D360

G0 10 30 SYEPO37T0

26 IF(XRADJNE.O0) GO TC 28 SYEPO380
Covrves SYMMETRY LINE, PLANE FLOW STEPO3Q0
Ut2)=(4,20(1)-yl 2))/3, STEPO4LID
y(2)=0. STEPO41O

GG TO 30 $TE0Q420
Cesose SYMMETRY LINE, AXJALLY SYMMETKICAL FLOW $TEP 43D
28 ul2i=utl) STYEP 0440
v(2)=vY(3)/3. : STEPD4SO

30 GO TO (32,34,36) 4KFX STEPQ4TO
Ceonss WALL $TS2 0430
32 IFILSUB.GT.0)GO TC 33 STEPO4R0
BETA={UINI/UINPL)=1.)/7LIVINPII=Y (i) }/{V(NP3)-Y(NPLl)}-1.) STEPOSON

33 UINP2)I=U(NP1}/ (1. +2,*BETA) B STEPOS1O
YI{NP2)=YI{NP3)=(Y(NP3)-Y(NPL)I®BETA/ (2 .+BETA) STEP 0520

GO TOQ 38 STEPOS30

34 Yl1=UINPL)YSUINP]) STEPDS40
UL3=U(NPLISUINP]) STEPQSSO
U33=UINP3}=UINP3) __ STEP 0560
S0=84.*U33-12.%013¢9,.%Ull STFP0570
Censse FREE BOUNCARY SYEPO580
LINP2) =(16.8U33-4,2ULl3+U1L1)/(2.8{UINPLI*UINP3)})+SCRT(S5Q)) STEPDS590
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YINP2)I=Y{(NP3)}=(YIAPIY=YINPLII*E(U(NP2) ¢U(NPLI=2.%U(NP3))*,5/ STEPQ600

1(UINP2) ¢LINP 1) +U{NP3} } $TEP0610
6C TO 38 STEP0620
Cosves SYMMETAY LINE STEPD63D
3& UINP2I=(4.#U(NP3I-UINPL)}}/ 3. STEP0640
YINP2)=Y{NP3) STEP0650
38 CONTINUE STEP 0660
1F(NEC.EC.1) GC TC 58 STEP0670
CoeessCALCULATICN CF SLIP VALJES FGR OTHER DEPENDENT VARIABLES STEPO6AN
DO 56 J=1,NPH STEPQ690
IF(LSUB.EQ.0)GAMA( J)=0.0 STEPO700
GO TO (42,44,46) KIN STEPQO710
42 IF{SOURCE{J) eEQe2.0R.ABSIF(dy3)-F{Jyl))alEes0011G0 TO 43 STEP0720
IFILSUB.GT.OIGG TC 42 STEPO730
GAMA(J) m{(F(Ja6)=FJo 1) D/UFLde30=FCadll)=1ad /LY{4I/Y(3)-1.) STEPO74D
43 F(Ug2)=FlJyl 10 (F(J,3)-F(Jy Li)®(1.¢BETA-GANALJ) )/ (1. ¢BETA+GAMAL J}) STEPOTSOD
GC Y0 48 STEPD 760
44 G(UI21#U(3)-8,%LI1)I/(5.6LUI2)+Ui3)) *+B.%uiL)) STEP0770
GF=(1.-PRT{J}))/(]1.+#PRTI(J}) STEPO780
GF = (GeGF )}/ (1,+CeGF} STES Q790
FUJr2)uF{dy3)8GF4d1.~GF)SF (J,1) STFP 0800
GO TO 48 STEP0810
4¢ Flyy2)=FlJ,l) ) STFPQ820
IFIKRAD-GQ.O)F(JoZOI‘Q.CF(JollfF(J.3l)/3- STE®P0B830
48 GG TO (50,524,540 4KEX STEP 0840
50 IF{SOURCE(J) .EC.2.CR.ABS(F{J,NPLI=F(J,NP3}).LE..0011GO TO 51 STEP0B50
IF(LSUB.GT.0)GO TC 51 STEP 0BG
GAMA( SV = ({F(J,N)=F (I NP3))/LFLIoNPLI=FIJaNP311=1.) /LIY(NP3)=Y(N))/STEPOBTO
LOYINPI)-Y{NPL})-1.) STEPOBRO
S1 FOJ,NP2)=F(J NP3 )+ (F{JyNPLI~F(J, NP3} ) %(1e +BETA-GAMA(J) }/ (1.+BETA+ STEP 0890
1GAMALJY) ST=P 0900
G0 TO 56 STEPOS10
52 G=(UINP2)+UINPLI=B.#UINP3} )/ (5.8 (ulNP2) +U(NPL) 1¢B. $UINP3)) STEP0920
GF=(1.-PRT(J))I/(1.+PRTIY)} STEP0930
.~ GF = (G#GF)}/{1s¢GOGF) ' ' STEP 0940
Y FUJ NP2)I=F{J  NPLISGFe (1. ~GFISF (JynP3) STEP 0950
GO TQ 56 7 STEPQ9KD
54 FUJeNP2)=(4o%F(J NP3V =F(J,NPLI1/3. STE 0570
56 CONTINUE ' STEP0980
58 CONTINUE STEP 0990
RETURN STEP 1000
[ ceccemecmccccccccanccecacmeea STEP 2 —-=-STEP1010
CeeeesSTEP2 COMPUTES OM(T) ARRAYS AND PEI - STEP1020
Ce.e0sAT BEGINNING OF INTEGRATION OR AFTER LAMSUB HAS $TZP1030
CeoosoBEEN ACTIVATEC. STEP 1040
Covons STEP1050
CouessCALCULATION CF RACII STEP 1060
200 IF(KRAD.EQ.0) GO TC 220 STEP 1070
0O 210 [=2,NP3 STEP 10RO
210 REII=REIVEY(I)I#CSALFA STEP1090
GO TO 240 STEP1100
220 DO 230 I=2,NP3 STEP1110
Cevees  RI{1) CANNCT ECUAL ZERD STEP1120
230 R(I)=R(1) STFP1130
720 CONTINUE STEP1140
CeeeesCALCULATION CF OMEGA VALUESe THESE VALUES ARE ESTABLISHED BY THE STEP1150
CooeesINITIAL VELOCITY PROFILE AND REMAIN UNCHANGcD THEREAFTER. STEP1160
GM(11=20.0 STEPL170
CM(2)=0.0 STEP1180
00 250 I=3,NP2 STEP1190
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. FOLLOWING EQUATION RESULTS FROM CONTINUITY STEP 1200

250 CMUI1=0R{1-1)¢.S#(RHO(I)®J{IISRII)+KHOLI=LIoUlI-11%R(1-1))4 STEP1210
HYUD)=Y(I-1)) STEP 1220
PEI=CMINP2) STEP1230
Cevess  OMEGA IS NCRPALIZED AT THIS POINT STEP1240
D0 260 I=3,NP1 STEP 1250
260 CM{I)=0M{1}/FET STEP1260
CM(NP2) =1.0 STEP 1270
CMINP3)=1.0 STEP 1280
€O 270 132,NP1 STEP1290
RBOM(I)=1s7(CM(]¢1)-ON(I-1)) , STFP 1300
CHO(I)=0M(TI+1)-0M (1) , STEP 1310
ROMD(])=1./0MD(T) STEP 1320
270 CONTINUE , STEP 1330
IF(LSUB.GT .0 }RETURN ' STEP 1340
00 280 I = 5,APl STEP 1350
KXERR = 0 STFP1360
OMRAT = (OMII) =CPUI=11)/(0NLI=1) = OM(I-2)) STEP 1370
1F(OMRAT oGV 04000 CRaOMRAT LT 0. 25)KXERR = 7 o STEP 1380
IF (KXERR.EQ. TIWRITE(6,275) I $TEP 1390
IF (KXERRLEQ.T)LVAR=E STES 1400
IF (LVAR.EQ.8) DLYPUT=6 , , STEP1410
280 CONTINUE STEP1420
275 FORMAT(/,37H PROGRAM TERMINATED BECAUSE THE OMEGA./ STEP 1430
121H SPACING GETWEEN I = ,12,1X,17HAND THE PRECEDING,/ STEP 1440
249H NODE IS EITHER MORE THAN FOUR TIMES OR LESS THAN,/ STEP 1450
3344 ONE QUARTER THE PRECEDING SPACING) STFP 1460
RETURN ' STEP1470
c -— -— e ——m—————————e o — e emmme=em=- STEP 3 —--STEP 1480
CeessoSTEP3 CCMPUTES Y'S,R*S STEP 1490
CeeseeAND COMPUTES UMAX,UMIN,AND YL ~ STEP1500
Covsse - $TEP1510
300 IF (INTG.EQ.0) GO TO 360 STEP1520
CecsoeY NEAR THE I BCUNCARY ' STEP 1530
60 YO (212,314,316),KIN - STEP 1540
312 YI2)={1.¢BETAISOP(3)%4./((3.8RHOI2) +RHOC3) e (UI2)¢U(3))) STEP1550
GO TO 220 ' STEP 1560
314 Y(21212.80M(3)7((3.8RHO(2) +RHO(3))#(U(2)¢Ul3)¢4.00(1))) STEP 1570
60 10 320 STEP 1580
316 Y(21=,5%0M(3)/7(RKCULISULL) ) ~ STEP1590
320 Y(3)=Y{2)4,29#CH{318(1./IRHO(3)#UI3)) +2.7(RHO(3IPU(3) +RHD(2)® STEP 1600
W21 ) ' STEP1610
IF(BETALGE.0eSANC.KIN.EQ.1)Y(3)=3.0%0M(3)/(RHO{3) #U(3) +RHO(2) STEP 1620
180120 S T STEP1630
Ceosas¥ 'S FOR INTERMECIATE GRID POINTS STEP 1640
00 330 I=4,NPl STEP1650
330 Y(I)asY(I=1)¢2,40¥D(I-1}/(RHO(II*ULI J¢RHOLT=1ISULI-1)) STEP 1660
Ceesee¥ NEAR THE E BCUNCARY ) ' STEP1670
YUNP2)aV{NPL ) ¢.258CMO(NPLY #(1./ (RHOINPLI®UINPL I 424/ STEP 1680
1(RHO(NP1)SU(NP1) *RHO(NP2)®UINP2})) STEP 1690
60 TO (332,334,336),KEX ) . STEP1720
332 YINP3)=Y(NP2)+(1.¢BETA)SOMDINPL)I®4./( (RHDINP 1) ¢3,#RHO(NP2 = STEP1730
1))#(UINPL) ¢UINP2))) STEP1740
IF (BETA.GE.0.9) YINP3)sYINPL1)+1.5%(OM{NP2)}-OMINPL )}/ STEP 1741
1 10.5%(RHO{NP1I*U(NPL)+RHO(NP2)SUINPZ))) STEP 1742
€0 TO 340 STEP1750
334 Y(NP3)=YINP2) ¢12.90MDINPL) / { IRHOCNPL) 3. #RHO (NP2) ) ®{U(NP2 STEP 1760
1) 0UINPL) ¢4 SUINP2) D) STEP1T70
GO TO 340 "~ STEP1780

336

Y{NP3)=Y(NP2)+,5%0MD(NP1)/ (RHOINP3I)®U (NP3} ) STEP 1790

87



340 IF(KRAD.EQ.0) GO TO 344
DG 342 [=2,NP3

342 Y(I)u2 . oV(1)SPEI/(RULISSQRVIR(LI®R (11 ¢2.¢Y (I ) #PEI*CSALFA})

GO TO 3%0
344 DO 246 I=2,NP2
346 Y{1)=PEISY([)/R(])
350 Yv(2)=2.8Y{2)-Y(3)

IF(BETA.GE.09.ANDKINLEQ. 1)Y(2)=Y¥(31/3.

IF(BETA.GT.0.9.ANDKEX.EQ. 1060 TO 351

YINP2)=2,¢YINP2)~-YINPL)
GO TO 352
351 Y(NP2)=(2.%Y(NP3)eVYINPL))/ 3.
CessesCALCULATION CF RALI!
352 DO 355 [=2,NP3
IF(KRADLEQ.0)R{I I=R(1)

IF(KRAD.NE.QIR(IIsR{L)eV{I)*CSALFA

~ 355 CONTINUE

Cooes cCALCULATION OF THE BOUNDARY LAYER THICKNESS : .
YINPUT'. I.E.y IF FR
CavenelS 0,01y THIS ROLTINE CALCULATES YL wHICH IS THE 99 PER-

CeonseBASED ON THE FR CRITERION USED IN

CoonsoCENT THICKNESS OF THE BOUNDARY LAYEK.

YL IS THEN A DISTANCE UPON

CevessohHICH A TURBULENCE LENGTH SCALE 15 BASED.
C SEARCH FOR THE MAXTIMUM AND NINIRUM VELOCITIES

3460 UMAXsU(])
UMINsU{1)
CO 375 J=3,NP3
IF(J.EQ.NP2) GO TC 375
IF(U(J) «GTUNAXIUMAX=ULJ)
IF (UL} LT, UPIN'UHIN=U(J’

375 CONTINUE
DlF'ABS(UHAX-UFlNl‘FR

Ceese .SEARCH NEAR THE 1 BOUNDARY

IFIKINGNE.2) GO TC 386
U21=ABS(.5*(U(2)+U(3))=U(1)})
IF(U21.LT.D1FY GO TO 380
YIP=SQRTIDIF/U21)%(V(2)+Y{3))%.5
GO TO 388

380 J=2

382 J=Je}
usl=utJi-utli
IF(ABS(UJ1V.CECDIF) GO TO 384
GO Y0 382

384 Al=l,
IF(UJ]1.LT0.2A1=-1.

YIPsY(J=1) ¢+ { Yl =Y I=1L0)¢(ULL} *AL®DIF=y(3-1) }/ (ULI}-ULI-1))

GO TO 388
386 YIP=0.
Coees+SEARCH NEAR TFHE E BOUNDARY
388 IFIKEX.NE.2) GO T0 396
U21=ABS (.52 (UINP L) +UINP2I)-UINPI)
IF(U21.LT,DIF} GC YO 390

YEM=SQRT(DIF/U21 )8 ( SS{Y{(NPLI*+YINP2))-YINP3) }¢+YINP3)

GO TO 398

390 J=NP2

392 J=J-1
LCJlsU(J)-UiINPI)
IFLABSI{UJLI.CE.DIF) GO TO 394
GO TO 392

394 Al=l,
IF(UJL.LT.0.)A)=-1.
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STEP1800
STEP1810
STEP1820
STEP1830
STEP 1840
STEP1850
STEP 1860
STEP1BTO
STEP1880
STEP 1890
STEP 1900
STEPL910
STEP1920
STEP1930
STEP 1940
STEP1950
STEP1960
STEP1970
STEP 1930
STEP 1990
STEP 2000
STEP 2010
STEP 2020
STEP 2030
STEP 2040
STFP 2050
STEP 2060
STEP 2070
STEP 2080
STEP 2090
STEP 2100
STEP2110
STFP 2120
STFEP2130
STEP 2140
STFP 2150
STEP 2160
STEP 2170
SYEP 2180
STFP 2190
STEP 2200
STEP 2210
$TEP2220
STFP2230
STEP 2240
STEP 2250
STEP 2260
STEP 2270
STEP 2280
STEP 2290
STEP 2300
STFP 2310
STEP 2320
STEP 2330
STFP 2340
STEP 2350
STEP 2360
STEP 2370
STEP 2380
STEP2390



YEMaY(Jel)e(Y(JI-YIJ+L)IO(UINPI)EALSDIF-ULJ¢+1)D/LULII-ULJ¢1)) STYEP 2400

60 TO 398 STEP 2410

356 YEM=Y(NP3) STEP 2420
398 VYL=YEM-YIP STEP 2430
RETURN STEP 2440

C - w ——== STEP & —--STEP 2450
CoeessSTEP4 CALCULATES ALL QF THE COEFFICIENTS FOR THE STEP 2460
CeussoFINITE DIFFERENCE EQUATIONS. STEP2470
CeesceTHE FDE®S ARE THEN INTEGRATED. . ] STEP 2440
c...'- STE92‘9°
CueeessSOURCE TERMSy SUIJIsI)y AND SMALL C*S ARE COMPUTED IN STEP 2500
Ceoess SUBROUTINE AUX. STEP 2510
CoenesTHE CONVECTICN TERM ) STEP2520
400 KXX=0 STEP 2530
KXXX=Q STEP 2540

401 RFDX=1./4./DX STEP 2550
SA=R(1)%AMI/PE] STEP 2560
SBDF=(R(NP3 ) #AME-R(1)®AM]) /PEL /4. STEP2570

P23, #RFDX STEP 2580

DO 420 1=3,NP1 STEP 2590
Pl=0MOC I )*RFCXFRBCMIT ) STEP2600
P3=0MD{ I-1)*RFCX*RBOMI]) STEP 2610
Gl=Pl+(SA+SBCF*(CMIT+1)¢3,80M(1)})*RBONLT) STEP2620
G2=P2-SB0OF STEP 2630
G3=P3-(SA+SBOFS(OM{I-1)#3.80M( 1)) IeRBOM(]) STEP2640

AUCT ) =SCUII*RCHD (] )2 . 8RBOM(]) STEP 2650

BUCT }=SCCI~-1)oROMD{TI-1)02.8RBOMI(]) ) ] STEP 2660

CUCT 1a=PLlsU(Iel)-P2eU{I}-P3sUL]I-1]) STFP2670
IF{NEQ.EQ.1) GO YC 410 STEP 2680

DO 405 J=1,NPH STFP 2690

ClJo 1) ==PIoF(J,T¢1)=P28F(J,1)-PI¢F(J, -1} STEP 2700
ClJsy1)a=ClIy 1) 4SULJL 1 )-F(J,I)*SD STEP2T10

A(J I )=AULT) /PREF (J, 1) SYEP 2720
B(JeI)sBULI)/PREF(J,I-1) STEP2T30

405 CONTINUE ’ STEP 2740
410 CONTINUE STEP 2150
CesanoeSOURCE TERM FOR VELOCITY EQUATION STEP 2780
S1=DPDOX¢DX-GC*BF (1)*DX STEP21T0
§22P2¢S51/ (RHCLI)*ULT}) STEP2780
S3=P33S1/{(RHC(I-1)8U{I-L )} STEP2T90
S1l=P1#S1/(RHO(TI+1)3U(]1+¢1)) STEP 2800
CUlT)==CUIT)=-2,#(S1e52+53) STEP 2810
Si=S1/U(I+1} : STEP2820
$2=52/U¢1)} STEP 2830
S3=$53/U(1-1} STEP 28R40
CeonssCOEFFICIENTS IN THE FINAL FORN ’ STEP 2850
RL=1./70G2¢AULTV+BUIT)}-52) STEP 2860
AULT)={AULT) eS1-Gl1}SRL sTeP 2870

BULI )=(BU(1)+53-G3)*RL STEP 2880

CUCI I =CUll)*RL ’ STEP 2890
IF{NEQ.EQ.1) GO TC 420 STEP 2500

DO 415 J=1,NPH STEP 2910
RL=1.,/7{G2¢A0Jd,p 1) 481J,1)-5D) STYEP 2920

Aty ID={ALJ» 1)=GLI3RL STEP 2930

BlJ 1)a{BlJ,I}-G3)}*RL : STFP 2940

415 ClJ,I)=sClI1IORL STEP 2950
420 CONTINUE STEP 2960
CeesseSLIP COEFFICEINTS NEAR THE 1 BOUNDARY FOR VELOCITY EQUATION STEP 2670
cu(21=0. _ STYEP 2980
CUINP2) =0, STEP 2690
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GO TO (422,424,4261,XIN STEP 3000

422 BU{2)=0. STEP 3010
AU(2)=1./701.¢2.%BETA) STEP 3020

GO TO 430 STEP 3030

424 S5Q=84.%U(L)%L{1)=12.%U(1)10U(3)+9.8U(3)U(3) STEP 3040
BU(2)1=8,%(2.3U(1)2U(3))/(2.8U(1)eT7.3U(3}+SQRTISOI} STEP 3050
TF(U(S5) .LE.UlL))BU(2)a], STEP 3060
AU(2)=1.-BULZ]) STEP 3070

GO TO 430 STEC 3080

426 BU(2)=0, STEP 3090
AKle] . 70X—=(DPDX—~GCH*BF(2) )/ (RAHDO(L1)3ULL)I®U(L)) STEP 3100

o AK2==U(1)%AK]1+(DPOX=GC*BF{ 2} )/ {RROLLISUIL)) STEP 3110
AJsRHO(L)®U( 1) e, 288 Y(2)eY[3))}e32/EMU(2) sTEP 3120
IF(KRAD.EQ.0) GO YO 428 STEP3130
AU{2)=2,./0(2.¢A%AK]1) STEP 3140
CU(2)3—- . S58AYSAK23AUL 2} STFP 3150

G0 TO 430 STEP 3160

428 CU(2)314/(2.¢3.%4J8AK]) SYEP3170
AUC213CU(2 )% {2,~AJ%AK]) STFP 3180
CU(2)==CU(2)24 .8 8AK2 STYSP 3190
CoevsoSLIP COEFFICIENTS NEAR THE E BUUNDARY FUOR VELOCITY EQUATION STEP 3200
430 GO TO (432,434,436),KEX STEP 3210
%32 AUINP2)=Q, STEP 3220
BUINP2)=]./7(1.42.*BETA) STFP3230

GO TO 440 STFP 3240

434 SQ=84.SUINP3IISUINP3)-12.5UINP3)SUINPLI*F.5U{NPLISU(NPL) STEP 3250
AUINP2)=B8. %[ 2. 3U(NP3) +UINP LI}/ {2.%UINP3I)+T . 2 UINPL)+SORT{SO)) STEP 3260
BUINP2) =L, ~AL(NP2) STYEP 3270

GO TO 440 STEP 3280

436 AU(NP2)=(0. STEP 3290
BK1®],/DX-{DPDX-GC*BF (NP2} )/ (RHOINP3)®U(NP3 )SUINP3)) STEP 3300
BK2=~UINP3)¢BK1+(DPOX-GC*BF (NP2} )}/ {RHOINP3)SUINP3}) SYFP3310
BJsRHOINP3 JSUINP3 )8, 250( 2, 8V (NP3 ) -YINPL)~-VY{NP2))®®2/EMY (NP]) STEP 3320
CU(NP2I=],/{2.43.8BJ%BK]1) STEP 333D
BUINP2)sCUINP2)*(2.-8J®*BK] } STEP 3340
CUINP2) =-CU(NP2) 24, %BJ*BK2 STEP 3350

440 IF(NEQ.EQ.1) GO TO 471 STEP 31360
CocoeeSLIP COEFFICIENTS NEAR THE | BOUNOARY FOR OTHER EQUATIONS STEP3I3T0
DO 470 J=1,NPH STEP 3380
ClJ,2)=0. STEP3390
ClJNP2)=0, STEP 3400

GO TO (452,4%4,456),KIN STEP 3410

452 IF (INDIC(J)Y.EC.1) GO TO 453 : SYFP 3420
VAGAMA(J) /({1 +BETA)S(QuF{JI*AM]I)) STEP 3430
Alde2)=(l.=VASANI) /(). ¢VASAN]) STEP 3440
B(Js2)20. STEP 3450
ClIs2)m2.5A01LSISVA/ (Lo VASAN]) STEP3460

GO TO 460 STEP 3470

453 A(J'Z)'(l.*BETl-GAﬂA(Jl)I(I.OBETAfclﬂA(Jl) STEP 3480
B(Je2)ml.~-A1),2) -STEP 3490
IF(SOURCE(J) «NE.2)G0 TO 460 STEP 3500
AlJy2)s-], STEP3510
8lJe2)=0. STEP 3520
Clyy2)=2.8F1 L) STEP 3530

60 TO 460 STEP 3540

454 A(Jp2)=(UI20¢U(3)-8.%UL))/(5.,%1UL2)2U(3))¢B.%U(1)) STEP 3550
GF=(1.~PREF{Js2))/(1.0PREFLJI,2)) STEP 3560
AlSp2)={AlJ92)4GF)/{1.*A(J2)8GF) STEP 3570
B{Je2)=1,-41J,2) STEP 3580

G0 TO 460 STEP 3590
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456 B(J,2)=0.
0S=0.
AK1=1./DX=DS
€S5=0.
AK2==AK1®F(J,1)-CS
AJF=AJRPREF{J,2)
IF(KRAD.EQ.0) GO YO 457
AlJe2)32./(2.+AJF2AK1)
ClIe2)m=58AJFSAK2%A( 2}
60 TO 460
457 ClJUp2)=1e/( 24030 %AJFFAKL)
AlJe20=C(Je2)%(2.-AJFSAK]L)
Clde2)a=ClJ, 2194 .3AJF5AK2
CeesosSLIP COEFFICIENTS NEAR THE E BOUNDARY FOR OTHER EQUATIONS
460 GO TO (462,864,466 ),KEX
462 IF (INDE(J).EQ.1) GD TO 463
VASGAMA(J) 7({1.¢BETADSIQWF (J)-AME})
BlJsNP2)= (1, ¢VA®AME )/ (1. ~VASAME)
AUJoNP2) =0, S
C{JsNP2)=-2,8AJE(JISVA/(Ll.~VACAMNE)
GO TO 470
463 BLJJNP2) = (1.+BETA-GAMALJI))/(1.¢BETA + GAMA{J})
A(JsNP2) = 1. = BlJsNP2)
IF(SOURCEUJ) «NEL21GO TO 470
A(JyNP2I)=0.
B{J NP2)>=].
C{IyNP2)=2,8F1LJ}
: GD TO 470 )
464 B(JoNPZ)'(U(NPZ'00‘"91)‘8.‘U(NP3)l/(S.*(U(NPZ'OU(NPI)’03-‘U(NP3))
GF={1.~PREF(JyNP1))/(L1.+PREF{JyNPL}]} '
BIJsNP2)=(BIJyNP2}SGF)/ L. ¢BI(J,NP2)SGF)
A(J NP2)=1.-BlJsNP2)
GO TO 670
466 A({JNP2)=0.
05=0.
8Klsl./0X-DS
CS5=0.
8K2=-BK1*F (J NP3 )-CS
eJF=BI*PREF(J,NP])
CUJINP2)=m]1,7 (24 +3.%8JF®BK]1)
B8(J,NP2)=C(J,NP212(2.-BJF&BK]L)
C(JyNP2)=~C{ NP2 )84, 8BJFOBK2
470 CONTINUE
CosessSETTING UP VELOCITIES AT A FREE BOUNDARY
471 IF(KEK.EQQZ)U(NP3'8SQIT(U(NP3)‘U(NP3I-2.‘DX‘(DPDX-GC‘BF(NPB')
1/RHO(NP3}}
IFIKlN-EQoZ)U(li'SQRT(U(lI.U(l|°2-‘DK‘(DPDX'GC‘BF(1"Ikﬂﬂlll)
CeeesoTHIS IS THE TRI-OTAGONAL ROUTINE WHERE THE FINITE
CeoesoDIFFERENCE ECUATIONS ARE ACTUALLY SOLVED.
Ceoscoos INTEGRATE VELOCITY
BU(2) = BU(2)*U(1) ¢ CU(2)
00 472 I=3,NP2
TV » 1./01.<8UCI)%AUCGI-1))
AULT) = AULIYeTY
472 BULT) = (BU(II®BU(I-1) ¢+ CutI))eTT
DO 474 [=24NP2
JI=NP2-1¢2
476 UGJII=AULIIIBULJI+1) +BULII)
DO 476 I=3,NP1
IF(UITI1.67.0.0)60 YO 476
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STEP 3600
STEP3610
STEP 3620
STEP 3630
STEP 3640
STEP 3650
STEP3660
STEP 34670
STEP 3680
STEP 3690
STEP3ITO0
STEP23T10
STEP3T20
STEP 3730
STEP 3740
STEC 3750
STEP3IT60
STEP3TT0
STEP2TBO
STEPITIO
STEP 3800
STEP 3810
STEP 3820
STEP 3830
STEP 3840
STEP 3850
STEP 3860
STEP3870
STEP3B80
STEP 3890
STEP 3900
STEP 3910
STEP 3920
STEP 3930
STEP 3940
STEP 3950
STEP 3960
STEP39TO
STEP 3930
STEP 3990
STEP 4000
STEP4010
STEP4020
STEP 4030
STEPAD4O
STEP 4050
STEP4060
STEP40T0
STEP 4080
STEP 4090
STEP4100
STEP4110
STEP4120
STEP4130
STEP4140
STEP4150
STEP4160
STEP41TO
STEP4180
STEP4190



UiIr=—utn
KXX=1
476 CONTINUE
KXXX=mKXX X+ 1
IF(KXX.EQ.0)GO TO 478
IFIKXXX.6T.2)G0 T0 478
Coeoe s ATTEMPT TO RE-SOLVE IF NEGATIVE VELOCITY APPEARS
IF(KEX.EQe2) AME=ARE/ 1.3
IF(XINLEQ.2) ANI=ANT/103
DO 4717 1=2,NP}
RAVG=0.58(RIT+1) eR(I))
RHOAV=0.5¢{RHO( 141} +AHO(I) )
Caeeas ADJUSTMENT OF EMU AT 2.5 AND Ne¢l.5
IF {1.67.2) 60 YO 4T77?
1IF (KINJNE.1) GO TO 4778
IF (BETA.LY.0.02.0R.BETAGT.0.9) GO TQ 4777
EMU(2)=TAUS(Y(2)4Y(3))/IBETASIUL2)*UI3d})
4778 IF (KEX.NEol) GO TO 4777
IF (BETA,LT.0.02.0R.BBTA.GT.0.9) GO TO 4717
EMU(NPL)=TAUSIYINP3) 0,58 ( YINPL)¢+YINP2) )/
1{BETA®0.5*%(U(NPL )+UINP2)))
Cooss.COMPUTE SMALL C*S

4TT7 SC(I)=RAVG*RAVGSAHOAVSO, 5 (ULI+1) V(] })SENMULT) /(PEI*PE] )

WRITE (6,4T7T7) INTG

477 FORMAT (/10X+*VELCCITY NEGATIVE, RE-SULVE, INTG=',14/)

GO Y0 401
478 CONTINUE
CoeeesSETTING UP VELOCITIES AT A SYMMETRY LINE
) IFIKIN.NE.3) GO YO 480
Uilry=su( 21
IFIKRADLEQaOIUIL )0, T58U(2)¢.25%UL3)
480 IF(KEX.EQ.3)U(NPI )=, T58U(NP2)¢,25%U(NPL)
IFINEQ. EQ.1) GC TO 494
Coeess INTEGRATE F EQUATIONS
00 492 J=1,NPH
00 482 I=2,NP2
AULL)sALY, 1)
BUlI)=8(J4,1)
482 CUTi=ClJ,l)
IF (SOURCE(J).NE.2) GO TO +488s
IF {ITKEL.EQa1) GC TO 4886
IF (KEX.EQ.1) GO TO 4884
00 4882 I=]l,ITKE
AU(]1=0.
4882 CU(I)=F{J,ITKE)
GO TO 4é8s
480846 DO 4885 IsITKE,NF3
AUlI)=0,
8U(I =0,
4885 CUlII=FlJ,ITKE}
4886 CONTINUE
BUI2) = BUI2}%FLJs1) » CUL2)
00 484 I=3,NP2
TT = 1./741.-8UtII®AUCI-1})
AULL) = AULT)I®TY
484 BULTI) = {(BULII®BUII-1) + JULL))I*TT
00 486 [=2,NP2
JJ=NP2-142
486 FlJoJJI=AUCIIISF (U4 Jd¢l)eBULIY)
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STEP 4200
STEP 4210
STEP 4220
STEP 4230
STEP4240
STEP4250
STEP4260
STEP 4270
STEP4280
STEP4290
STEP 4300
STEP 4310
STEP 4320
STEP4330
STEP 4340
STEP &350
STEP 4360
STEP4370
STEP4380
STEP4390
STEP 4400
STEP44LO
STEP 4420
STEP 4430
STEP 4440
STEP 4450
STEP 4460
STEP 4470
STEP&480
STEP 4490
STEP 4500
STEP4S10
STEP 4520
STEP4530
STEP 4540
SYEP 4550
STFP 4560
STEP4S70
STEP 4580
STEP 458l
STEP 4582
STEP4583
STEP4S8s
STEP 4585
STEP 4586
STEP 4587
STEP4588
STEP 4589
STEP 4590
STEP459]
STEP 4592
STEP4593
STEP 4594
STEP 4600
STEP 4610
STEP4620
STEP 4630
STEP 4640
STEP 4650
STEP4660



ConoveSETTING UP SYMME TRY-LINE VALUES OF F - STEP 4680

IF(KIN.NE.3) GO TC 490 STEP&690
CFlJeld=FlJ,2) STFP4T00
IFIKRADEQ.OIF{J1)m, T58F{ Jy2) ¢ 25%F( s3] ) STFP 4710
490 IFIKEX.EO.BDF(JoNP3)-.75‘F(JoNPZ)O.ZS*F(JpNPll STEP4T20
492 CONTINUE STEPATAD
494 RETURN STEP4LT40
cresmcccnmacererenseneanaceeee== STEP 5 ——=-=STEP 4750
C-....STEPS lNITlALIlES PARAMETERS AND SETS UP INITIAL CONDITIONS. STEP4T60
Cosnvas STEPATTO
500 XD=XU STEP 4780
PRE=PO STEP & TS0
AME=O. STEP 4800
AMI=0, STEP 4810
INTG=0 STEP&B20
BETA=0. . STEP 48B30
CAY=0.0 STEP4RAD
PPL=0.0 STEP4BSO
YL=0.0 STEP4B60
REM=]1. ) SYEP4B8T0
REMH=]1. STEP 4880
H=]l, STEP 489D
CF2=0.002 SYSP 4900
TAUW=0.02 STEP 4910
IF{NPH.EQ.0)SOURCEIl1)=D STEP 4920
00 540 I=1,NP3 STEPLI930
EMU(L }=0,0 STFP 4940
BF(I)=0.0 STEP 4950
SP{I)=0.0 STEP 4940
IF (NPH.EQ.0) GO YO 540 SYEP 4970
DO 530 J=1,NPH STEP 4380
ST(J)=0.002 STEP 4090
Qui{J1=0.0 SYEP 5000
IF (SDURCE(J)}.EQ.2) PRIJ,I)=]1.0 STEPS5010
530 CONTINUE SYFP 5020
£40 CONTINUE STFP5030
FMEAN=0.0 STEP 5040
LSuB=0 STEPSOSO
LVAR=0 STEPS0O6N
ALMG=ALNMGG STEP 5070
KRAD = 1} ’ ST=PS080
IF(GECOM.EQ.] )KRAC=0 STEPS5NS0
IF({GENM.EQ.5)KRAC=0 STEPS100
IFIGECM.EQ.B)KRAL=D STEPS5110
IF{GEOM.EQ.9 )KRAC=0 STER 5120
IFINEQ.EQ.1) GC TYC 560 SYEPS1130
DO 550 J=l NPH STEDPS140
AJI(J1I=0,0 STEP51S0
AJE{J)=0.0 STEP 51460
INDICJ)=0 STFPS5170
INDE( J)=0 STYFP 5180
IFIKIN.EC.1) INDI I I=TVYPBLLJ) STEPS51%0
IF(KEX<EQe 1) INDE (J)=TYPBL{J) STEPS200
550 CONTINUE sTEP 5210
560 CONTINUE STEP 5220
RETURN . STEPS230
END SYEP 5240
SUBROUTINE WaALL B wALLO00DD
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Ceneas . o wALLOO10

Coceeoan wALL 0020
INTEGER GEOM+FLUID,SOURCE( 5)sSPACE,BUDFUR,QJTPUT,TYPAC wWALLOO30
OIMENSION HWI(S),FGI5) PRNI5),PRI(S)¢HPS(5) 4DHYIS) ®ALLON4D
COMMON/GEN/PET s AMT AME DPDXgXJ ) XDy XLy DX o INTG o CSALFA,TYPBC(5), wALL 0050

1MODE, PRT(5) , PRE,NXBC + X {130 ) ,RW {100} yF (5,100, GC,C J,AMI100),PRO, WALL 0060
2UG(100) ,PO, SCURCE, RETRAN,NUMRUN, SPACE ,RWI, PPLAG,OUTPUT,DELTAX, GV wALL 0070

3/E/NyNPL NP2 NP3 ,NEQ ,NPH KEX+KINsKASE KRAD,GEON, FLUID,BODFQOR, ¥ PMINWALL 00RO

4/GG/BETAGAMA(S) yAJI(5),AJE(5)INDI(5),INDE{5) sTAU,QWF(5) WALL 0090
5/V/UCS4) yFUS5454) yRIS5&),04054),Y054) yUGUsUGD, UL oFI(5)4FMEAN,TAUW WALLO100
T/L/AK JALMG o ALMGG FRA yAPLsBPLyAQ,BQyEMUL54) yPREFIS,56),41UxXM] wALLOL10
B/L1/YLsUMAX,UMINSFR,YIP,YEM, ENFRA,KENT, AUKMN2 WALLO129
9/P/RHOI54) yVISCO(54) +PRI5+54) RHUC, VISCOC,PRC{S5),T (54),RHOM,BF (54 ) WALLOL30
1/0/H)REMyCF2ySTE5)LSUB,LVAR,CAY REH, PPL,GPL +QWI5) ,KD WALL 0140
2/CN/AXX oBXXyCXXgCRXgEXX oKL 9K29K3y5P 1541 44X (L100), AUX2(100),YPMAX WALLO150
Cosnes WALLOl70
IF(INTG.6T.1.CR.LSUB.GT.0)GO TO 8 wALLO18O
KSTART=1 wALLO150
MARKER=0 WALL 0200
C3=0.0 WALLO210
C4=0.0 WALLO220
C3N=0. WALLO230
C5=0,0 WALL 0240
8FOLD=0.0 . WALLO250
C5N=0.0 WALL D260
AJO=0.0 WALLO270
AJN=0.0 WALL 0280
KKK=0 WALL 0290
TPLUS=1. wWALLO300
CLOOPX=0.0 wALL 0310
CUDY=l. WALLN320
APLO=APL WALL 0330
BPLO=8PL WALL O340
EE=0. 04 WALL O350
IF(NPH.LT.1)GO TC 8 wALL 0360
00 & Jsl,NPH WALLO370
DHY(J)=]. WALLO380
6 QW(J)=100. ‘ WALL 0390
8 LSues=0 WALL 04929
LTPL=0 WALLO410
c - Temesenemsesecesnaem=e=e SECTION ONE ----WALL 0420
CevveoTHE JOIN POINT CCNDITLONS ARE SET UP HERE WALL 0430
IF{KEX.NE.1)G0 TC 20 wWALL 0440
RHW=sRHO (NP3) WALL 0450
VIS6=vISCO(1} WALL 0460
VISWsVISCA{NP3) WALLO4TO
RHG=RHO(]) WALL 0480
RHI=0.5®{RHO(NPL)+RHOINP2) } WALL 0490
VISI=0.5¢(VISCO(NPL) +VISCO(NP2)) WALL 0500
BFOR={BF (NP2 +BF(NPLY I /2. WALLOS510
UGG = UGU WALLO520
YIsY{NP3)=.5¢(VINPL) ¢YINP2)]) WALLOS530
UI=s 52 (UINP2)+U(NPL)} WALLO540
UE=U{N)=(UINI=UINPLED /(Y INI=Y(NPLI}®(YINI-5¢(YINPL)+Y(NP2))) WALLO550
IF(MODELEQ.1)UESL] WALLO 560
IF(BETA.GE.0.9)UE=UI wALLOSTO
Ul=(UIeUE) /2. WALL 0580
REW=ABS(UI*Y I®RHW/VISW} WALL 0590
AMW = =AME WALLO60O
IFINEQ.EQ.1)60 TC 40 wWALLOG10
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00 10 J=1,NPH

He(J}=F{(J,NP2)

HGLJI)=F{J,1])

PRW{J)=PR(JyNP3)
PRI(JI=0.5%(PR(JNPL)¢PRLJ,NP2))
FI(J)a . So{F(JeNPEI+F (U NPL D]

FEsF{JyNI=(FUSyNI=FUJIyNPL) D/IYINI-Y(NPLIISIY(NI-o5*®(Y{NPL)eY(NP2)

1)
IF(MODE.EQ.1)FE=FI{(J)
IF(GAMALJ) s GEoBe GeANDSGAMA(J)LEL L. L) FeaFI{ )
IF{SOURCE(J) .EC. 2)FE=FI1(J)
10 FICJ)I=(FI{J)eFEL/2.
GO TO 40
20 IF(KIN.NE.L1)RETURN
RHW=RHO(1)
vISw=vISCOll)
VISG=VISCO{NP3})
RHG=RHOINP3}
RHI=0.5%(RHO(2) +RHO( 3))
VISI=0,5¢{VISCO(2)eVISCOL(3})
BFOR=(BF(2)1¢BF(3))/2.
UGG = UGU
YI= 5%{Y{2)eV¥(3))
UI=.53(U(2)+L I}
UEsSU{3) +0.5%(Y{2)=Y{3) )% (U(4)-U{3))/(¥({e)-¥(3])
IF{MODE.EQ.1)UE=UI
IFIBETA.GE.0.9)UE=UI
Ul = (Ul + UE)/2.
REW=ABS(UI*Y [*RHK/VISH)
AMW = AMI
IF(NEQ.,EQ.,1)1G0 TC 40
DO 30 J=]1,NPH
HWlJ)=F{J,1)
HG{J)=F(J,NP3)
PRWI{JI=PR{Jy1)
PRICII=0.,S*(PRII,2}+PRIJ,3))
FI(J)=.58(F(Jy2)¢FlJ,3))
FE=F(J,3)40.50{Y(21=-Y{3))e(FlJ,&)-F(Jy3})/0Y{6)=-Y{3))
IF(MODE.EQ.LIFE=FI(J) ’
IF (GAMA(J) .GE 0.9 ANDGAMA(J).LE. 1. L) FEsFI 1Y)
IF(SOURCE(J) <EQ.2)FE=FI(J)
30 FI(J)={FI{J)eFEN/2. L
40 UTAUN=SQRT(GCSTAUR/RHN)
UTAUG=SQRT(GCSTAUR/RHG)
IF(REM.LT.4.)GC TC 160

c memem e ————aae —< SECTION TWQ =---

CessooSOURCE TERMS FOR COUETTE FLOW STAG ENTHALPY EQUATION
$20.0
IF(NEQ.EQ.1)GO TC 160
DO 150 J=1,NPH
IF(SOURCE(J) +€Q.3.0R.SOURCE(J) . EQ.4)5=AUXN2
IF(SOURCE{J) <EQ.1.CR.SDURCE(J).EQ.3)GC TD 130
GO TO 150
130 1F(UGG.LT.0,01)GC 10 140
DENOM=Qu( J)#CJ
IF (ABS{DENOM).LT.0.00001)60 TO 140
CeseeoNOTE: IF WALL HEAT FLUX IS NEAR ZERO, VISCOUS DISSIPATION
Cueess 15 NOT PROPERLY HANDLED. ALWAYS USE AT LEAST A SMALL
Ceeeee HEAT FLUXe SAME TRUE OF HEAT SOURCE, S.
C3N=TAUNSUTALNW/DENCH
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WALLO620
WALL 0630
WALLO64D
WALL 0650
WALL 0660
wALL 0670
WALLO6RO
WALL 0690
WALLOT00
WALLOT10
wWALLOT20
WALLOT730
WALLOT40
WALLO7S0
WALLO760
WALLOTTO
WALLOT8D
wALL 0790
wWALL 0800
wWALLOB10D
wALLOB20
WALL 0830
WALL 0840
WALLOBS0
WALL 0860
WALLOBTO
WALL OBSO
WALL 0890
wWALL 0900
WALL 0910
wALL 0920
WALL 0920
WALL 0940
WALL 0950
wWALL 0960
WALLO9TO
WALL 0980
WALL 0930
WALL 1000
wALL 1010
wWALL 1020
WALL1030
WALL 1040
WALL 1050
WALL 1060
WALL 1070
WALL 1080
WALL 1090
WALL 1100
wWALL1110
WALL 1120
WALL1130
WALL 1140
WALL1150
WALL 1160
WALL11TO
WALL 1180
WALL 1190
WALL 1200
WALL 1210



C4=V] SW®BFOR/ (2. PDENCMSRHN ) WALL1220

C5N=vISWeC J/ (IRHW*DENCH*UTAUN! WALL 1230

140 C3={C3+C3N)}/2. WALL 1240
C5=(C5¢C5N) /2. WALL 1250
IF{INTG.LT.5)C3=0.0 WALL1260
IF{TYPBC{J).EQ.L1GO TQ 150 WALL1270
AJN=AJE( J) WALL 1280
IFIKINCEQ.1)AJN=AJTILJ) WALL 1290
IF(ABSUAIN) e GTLABS(141%AJD) JKKKSINTG WALL 1300
IFCINTG.LE. {KKK+1})C3=0.0 WALL13%0
AJO=AJE(J) WALL 1320
IFIKINGEC.1)AJO=AJI(Y) WALL 1330

150 CONTINUE WALL 1340
C e ———— s r s e~ SECTION THREE ----WwALL1350
Ceses sCOUETTE FLOW EQUATION TERMS ARE COMPUTED HERE ] WALL 1360
150 IF (INTG.LT.2) OLDDPX=Q, WALL1370
IF(UGG.LE.0.C1)GC TO 165 WALL 1380
CAY=s-0.50{DPCXeOLODPX-2.%GC*BFOR) /(UGGSUGS* UGG 1#VISG/ (RHG*RHG) WALL 1390

165 PPL=. 5% (DPOX+OLDDPX)*VISH/ {TAUN®RHWSGCSUTAUN ) WALL 1400
GPL2AMU/ (RHWEUTAUR) WALL 1410
BFPLUS=BFOR*VISW/{TAUNSRHW®UTAUN) wALL 1420
BFPLUS={BFPLLS+BFOLD) /2, WALL 1430
BFOLD=BFPLUS WALL 1440
IFIKSTARY.EQ.1)PPL=0, WALL 1450
IFIKSTART.EQ. 1)BFPLUS=D, WALL 1460
IF(KSTART.EQ.1)GPL=0. WALL 1470
AKK=AK . wWALL 1480
IF{(MODE.EQ.1 }AKK=0.0 WALL 1490
Covss s TURBULENT FLOW OAMPING TERMS ARE COMPUTED HERE WALL 1500
IF(XKDEQe1)GD TO 180 WALL 1510
I1F(KD.EQ.316C TO 180 WALL 1520
IF(INTG.EQ.1)PPLE=PPL-BFPLUS wALL 1530
IF(INTG.EQ.1)GPLE=GPL wWALL 1540
IF{PPLAG.LT.400.) PPLE=PPL-BFPLUS wALL 1550
IF{PPLAG.LT. 400, )GPLERGPL WALL 1560
IF(PPLAG.LT.400.)60 YO 170 WALL1570
IF{MARKER.EQ.1)GC YO 170 wWALL1580
DIR=1,0 : WALL 1590
IF((PPL-BFPLUS) .GT.PPLEIDIR=0.3 WALL 1600
PPLE=PPL-BFPLUS- (PPL-BFPLUS-PPLE)*EXP (~(RHWSDX®UTAUG)/ WALL 1610
LVISW*PPLAG*DIR) ) WALL 1420
GPLE=GPL~{GPL=GPLE)*EXP(~{ RHW*DX*UTAUG}/ WALL1630
1(VISW*PPLAG) } o WALL 1640
170 CONTINUE WALL 1650
CevaeeTHE FOLLOWING ARE EMPIRICAL CORRELATIONS FOR THE DAMPING TERM WALL 1660
AC=T7.1 wWALL 1680
8C=4,25 wWALL 1690
CC=10.0 wWALL1700
IF(PPLE.GY.0.)8C=2.9 WALL1710
IF(PPLECGT0,)CC=0, wWALL 1720
IF(GPLE.LT.0.)AC=9,0 wWALL1730
APL=APLO/LACH {GPLE*BCHIPPLE/ {1 ¢CC*GPLE)) )¢l L) WALL 1740
BPL=BPLO/(ACS(GPLE+BC*(PPLE/ (1. +CC*GPLE)) el ) WALL 1750
IF(APL.LY.~.001)APL=1000. WALL1760
IF(BPL,LY.~o001}BPL=1000, wWALL 1770
IFUINTGLEQe]l cOR.REM.GT .2, 6RETRANIGD TO 18V WALL 1780
CovessTHE FOLLOWING 1S A GIMMICK Tu SIMULATE A GRADUAL TRANSITION, WALL 1790
IF(KDLE.]1 ANDMCLELEQ.2JAPL=APL#(300.-APL}® ({1 .=-SIN(1.57 WALL 1800

12 (REM—RETRAN)/RETRAN) )8e2 wWALL1810
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JIF(KD.GEe2.AND.MODE.EQ.2) BPL=BPL* (400.-BPLI& (L. ~SINIL1.57 WALL 1820
1‘(REH—RETRAN|IRE7RIN|l"Z WALL 1830

c ————meessem————= — SECTION FOUR =-——-WALL1B40
180 IF(REWLT<4..AND.INTGaEG. ZZJHRITE(6 900} WALL 1850
IF(REWLTo%e cANDINTGREQ.92)WRITE(64900) WALL 1860

900 FORMAT{(/° THE PROGRAM IS BYPASSING THE WALL FUNCTION, AT LEAST AV WALL1B70
1THIS INTEGRAVTION.'/) ) WALL 1880
IF(REW.LT.4.)G0 70 2%0 : WALL 1890

C w—ccevmee—— SECTION FIVE —-——-WALL1900
CoovnseTHIS IS THE BEGINNING OF A LOOP IN WHICH THE MOMENTUM WALL 1910
CoeecesAND ANY NUMBER OF DIFFUSION COUETTE FLOW JRDINARY DIFFERENTIAL WALL 1920
Cosveo«EQUATIONS ARE SOLVED. WALL 1930
IF(INTG.EQ.22.0R. INTG.EQ.92)WRITE(6,910) WALL 1940

910 FORMAT{/*' THE PROGRAM IS EMPLOYING THE WALL FUNCTION, AT LEAST AT WALL1950
1THIS INTEGRATION.'/) WALL 1660
YPL=0.0 WALL 1970
DYPL=0.1#SQRT(RER) WALL 1980

IF {DYPL.GT.0.25) DYPL=0.25 WALL 1990
UPL=0.0 WALL 2000
DUDY=1. wALL 2010
A2=0.0 WALL 2020
IFINPH.LT.1)€60 TC 200 ®ALL 2030

00 190 J=1,NPH WALL 2040
+PS{J)=0.0 WALL 2050

190 DHV{J)=PRW(J) WALL 2060
200 KCHECK=0 WALL 20TO
210 IF(YPL.GT.2.5)0YFL=YPL/10. wWALL 2080
220 TPLUS=(1.0¢GPLP¥{UPL*DUDYSDYPL/2.)¢+{PPL~BFPLUS)*(YPL#DYPL/2.)- WALL 2090
LIPPL-BFPLUS)ISCF23A2/RHG) WALL 2100
IF(TPLUS.LT.0.0) TPLUS=0.0 wAlLl 2110
IF(TPLUS.LT.0.1)LTPL=] WALL 2120
IF(TPLUS.LT.0.1)LSUB=2 wWALL 2130
AR=1,+{(RHI/RHW)=1.)*{UPLSUTAUN/ U]} WALL 2140
IF{RR<LE.Os I RR=1, WALL 2150
VR=1,+((VISI/VISh)=-1.)e{UPLeUTAUN/UI) WALL 2150
IFIVR.LE.O.)VR=], WALL 2170
IF{XD.GY.1)60 YO 230 WALL 2180
YLOAP=(YPL*DYPL/2.)/APL/LVR/SQRTIRR}) WALL 2190
IF(VLOAP.GT.10.)EE=l. WALL 2200
IF(YLOAP.GT.10.)GC TC 240 wWALL 2210
EE=l.-1./EXPIYLOAP) WALL 2220

GO TO 240 WALL 2230

230 EEs(YPLeDYPL/2.)/8PL/IVR/SQRT{RR} ) WALL 2240
IF(EE«GTele JEE=]. wALL 2250

240 DD=1.+4. #TPLLS‘AKK‘AKK‘EEOEE'(YPLODVPLIZ.OU(YPL*DYPLIZ.l‘ WALL 2260
1(RR/(VR*VR)) WALL 2270
DUDYs {2, *TPLLS /¢ 1.4SQRT{DD )}/ VR WALL 2280
UPL=UPL +DUDY#OYPL wWALL 2290
DI2=RReRHWS, 58 ( (UPL-DUDY #DYPL)*{UPL-DUDY*DYPL ) +UPLUPL)*DYPL WALL 2300
A2=D12+A2 wWALL 2310
IF{NEQ.EQ.1)6C TC 260 WALL 2320
EDR-(RR/vRD‘lKK‘AIK‘(VPL*DVPLIZ l*(YPLfDVPLIZ.I‘EE*EE'DUOY WALL 2330
EORT=EDR¢1.0 WALL 2340

DO 250 J=]1,NPH R - B wALL 2350
PRR=1.+((PRI(J)/PRUIJI})~- I-D*IUPL‘UTAUHIUII wWALL 2360
CeeessTHE FOLLOWING IS THE FREE CONSTANT IN THE TURBULENT PRANOTL WALL 2370
CeveesNUMBER EQUATION. EXPERIENCE MAY SUGGEST A OIFFERENT VALUE. WALL 2380
CT = 0.2 WALL 2390
PRTJ=PRT(J) wWALL 2400
PETC=EDRSC T*PRR*PRW( J) WALL 2410



IF(PETC.LY..001)PEYC=,001 WALL 2420

IF{PETC.6T4 1004, CR.MODE.EQ.11G0 TO 245 WALL 2430
ALPHA=SQRT(1./PRYJ) , WALL 2440
AQP=ALPHA/PETC . WALL 2450
IF{ACP.GT.10.]A0P=10. , , WALL 2460
PRTSS1./(1./(2.8PRTJ) ¢ALP1A®PETC-PETCHPETC#( 1. —EXP(-AOP ) )) WALL 2470
IF(K3.EQe3.0Re SOURCE( J) e EQa2)PRT y=PRT (J) WALL 2480

245 PREFW=EORT/(1./(FRR#PRW(J} ) +EDR/PRT J) WALL 2490
OHY(J)={PREF R/ (ECRTSVR) )« 1. +GPL®{HPS (J)+DHY { J)#DYPL/ 2, ) ¢ S4C 5% WALL 2500
LYPL#C4SUPLEYPL 1+(3% wALL 2510
2(PREFW~1.)#{UPL-DUDY*DYPL/2.) DYDY WALL 2520
HPS(J)=HPS (J ) ¢DHY (J) *DYPL wALL 2530

250 CONTINUE WALL 2540
260 YPL=YPL+DYPL WALL 2550
REL=UPL®YP[ WALL 2560
IF(INTG.EQ.11G0 TC 270 wALL 2570
IFIYPLLGY. YPMAX)LSUB=2 WALL 2590
IF(LSUB.EQ.2) GO TO 340 WALL 2620

270 IF(KCHECK.EQ.1} GC TO 280 WALL 2630
CesoesAT THIS POINT THE PRODUCT UPL®YPL [S COMPARED TO USYSRHO/MU AT THEWALL 2640
CeeeeoJOIN-POINT IN THE MAIN PROGRAM GRID. WALL 2650
IF(REL.LT.RERIGO TO 210 WALL 2660

280 ERR=REL-REN WALL 2670
AERR=ABS(ERR ) WALL 2680
ER2=AERR/REW WALL 2690
IF(ER2.LT.0.01)G0 Y0 300 WALL 2700
KCHECK=1 WALL 2710
IF(ERR.LT.0.0)0YFL=ABS{DYPL/2.0) WALL 2720
IF(ERR.GT.0.0)DYPL==-ABS(DYPL/2.0) WALL 2730

GO YO 220 : WALL 2740

c - - - e e e SECTION SIX ——--WALL2750
CoenvoTHIS SECTION IS USED [F THE NUMERICAL INTEGRATION WALL 2760
CesessOF THE COUETTE FLCW EQUATIONS IS BYPASSED WALL2770
290 YPL=SQRT(REW) WALL 2780

 YPL=SORTUABS (REW/ (1o ¢ {PPL-BFPLUS ) &VPL/2,¢GPLOYPL/2,})) WALL 2790
YPL=SQRT (ABS (REW/ (1. +(PPL~BFPLUS ) #YPL /2. +3PLOYPL/2.))) wALL 2800
UPL=REW/YPL wALL 2810

. TPLUS® 1. ¢GPLOUPL+(PPL~BFPLUS)*YPL WALL 2820
IF(TPLUS.LT.0.0) TPLUS=0.) WALL 2830
IF(TPLUSLT. 0 1) LTPL=L WALL 2840
IF(TPLUS.LT.0.1)LSUB=2 WALL 2850
DUDY=TPLUS : , WALL 2860

c sem——mecac--=eeec SECTION SEVEN ----wALL2870
CevoesWALL SHEAR STRESS AND FRICTION FACTOR ARE COMPUTED HERE wALL 2880
300 IF(VPL.LY.VYPNIN.ANCoMODELEQ.2)LSUB=L WALL 2890
IF(YPL.GT.YPMAX) LSUB=2 WALL 2900
IF(LSUB.NE.2)CLOCFX=DPOX WALL 2910
BETA=DUDY®YPL/UPL WALL 2920
CeeeooTHE FOLLOWING 1S AN APPROX IMATE CORRECTION FOR USE WALL 2921
CeveesOF PLANE WALL FUNCTION EQUATIONS FOR AXI-SYMMETRIC PROBLENS WALL 2922
RADRAT={R(NP2)¢RINPL) ) /(2. SRINP3) ) WALL 2923

IF (KIN.EQ.1) RACRAT=(R(2) +R(3))/(2.¢R(1)) WALL 2924
TAUW=ABS (RADRAT*RHWSUJ*UI/ (UPLSUPLSGL ) ) WALL 2930
TAUsTAUNSTPLLS*GC WALL 2940
IF(UGG.LT.0.001)60 TO 310 WALL 2950
CF2=GCoTAUN/ (RHG#UGG* UGG) WALL 2960

310 CONTINUE wWALL 2970
IF(NEQ.EQ.1)60 TC 340 WALL 2980
Cosses WALL 2990
DO 330 Jal,NPH WALL 3000
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IF (REW.GE.4«) GC TO 320 WALL 3010

c ce—emecmcmmecemcesmcema SECTION EIGHT ——--wALL 3020
CoseeeTHIS SECTION 1S LSED IF THE NUMERICAL INTEGRATION WALL 3030
CeoeesOF THE COUETTE FLCW EQUATIONS IS BYPASSED WALL 3040
HPS{J)=PRM(JIS(YPLEGPLOYPLOYPL/2.) B WALL 3050
DHY(J)=PRW{J)® (1. ¢GPL¥HPSI J) ) WALL 3060

PREF W=PRW [ J) . ‘ WALL 3070

{ ——mmm— e m e e e e m————memce-mee-— SECTION NINE ——~WALL 3080
CeeessWALL HEAT TRANSFER AND STANTON NUMBER ARE COMPUTED HERE WALL 3090
320 GAMA( J)=DHY( JI®YFL/HPS(J) ‘ WALL 3100
QWF () )=RADRATSRHWSUL 7 (UPL®HPS(J) ) " WALL3110

1F ( SOURCE(J) . EQ.2)GAMA(J)=0.0 o WALL 3120

IF I SOURCE (J) oEQqe 20 ANDoMOJE ¢ EQe 2)F1 1 J) s (AKKSAKK*EE#BETASUI/AQ) %2  WALL 3130
IF(SOURCE(J) .EQ.2)G0 TO 328 ‘ WALL 3140
IFCINDI(J).EQ.1.CR.INDELJ) .EQ.1)GO TO 325 a WALL 3150
IF(KEX.EQ.1}€C TO 322 o 7 wALL3160

FUIo )= (FT (I IeAITUIN/QNF(JII/LL.+AMI/GHF(J)) WALL 3170
HW(J)=F{Jy1) WALL 3180

QW () =AJT{II-ANT*HW I J) wALL 3190

IF(FLUID.EQ.20CALL PROP2{1 +FIJs1)oTUL),VISCOUL),PRIJ,1),RHOIL)) WALL 3200
CeeessIF VARIABLE PROPERTY ROUTINE OTHER THAN 2 IS USED, CHANGE THIS WALl 3210

CeesesCALL AS APPROPRIATE., ALSD AFTER STATEMENT 325 WALL 3220
GO TO 326 WALL 3230
322 FISINPI)sIFIGJI-AJE(II/QWF EJI}/L1.~ANE/QUF(J)) WALL 3240
HWl{J)IsF{J,NPI) , wWALL 3250
QW J)==AJE(J)+AME* N (J) ’ wALL 3260
IF(FLUID.EQ.2)CALL PROP2(NP3,F(J,NP3) ,TINP3),VISCOINP3) ,PRIJ,NP3}, WALL 3270
1RHOI(NP3 )} WALL 3280
GO T0 32¢ WALL 3290
325 CONTINUE . wWALL 3300
ON{J)=sQWF{J) s (HU{JI-FI(J)) ) wWALL 3310
326 IF(ABSIHGIJ)-HWIJ))elTe0.000001.0R.UGG.LT..001)ST(J}=0.0 WALL 3320
IFCABSUMHGE J)=HNL J))LT.0.000001.0R«UGG.LT..001)G0 TD 328 WALL 3220
STIJ)=Qu({Jd) 7/ (RHGSUGG* (HWN{J ) -HG(JI)) WALL 3340
IF(XEX.EQ.1.AND. INDE(J).EQ.1IQWIJ)=-Qu(J) WALL 3350
328 IFIKINCEQ.1)PREF{J,2)sPREFN wWALL 3360
IF(KEX.EQ.1)PREF (J,NPl)=PREFN WALL 3370
330 CONTINVUE wWALL 3380
c - o= eccsee= SECTION TEN -—-WALL 3360
340 KSTARTaKSTART+1 WALL 3400
IFUINTG.EQ.L1.ANDKSTART.LT.4)GO TO 40 WALL 3410
MARKER=D WALL 3420
IFILSUB.GT .0 YMARKER=] WALL 3430
IF (LSUB.EQ.O0) RETURN - ) WALL 3440
c.l... T "LL3‘5°
Cesee-LAMSUB ROUTINE ) WALL 3460
CoeeselF LSUB EQUALS 1, (SEE CONDITIONS IN MAIN PROGRAM), o WALL 3470
CesnssTHIS ROUTINE HAS AS ITS FUNCTION THE DELETION OF THE FIRSY WALL 3480
CeeeeeGRID LINE NEARESY THE WALLe IN EFFECT IT COMBINES THE WALL 3490
CeoeeoFIRST TWO SPACES AND REDUCES THE NUMBER OF SPACES, No BY ONE. WALL 3500
Coosss ALTERNATIVELY, IF LSUB EQJALS 24 IT INSERTS ANOTHER GRID WALL 3510
CeeoeoPOINT BETWEEN I AND 3a : wALL 3520
INTGE=INT6~1 WALL 3530
WRITE(6,930) WALL 3540
930 FORMAT{/* ROUTINE LAMSUB HAS BEEN CALLED*) WALL 3550
IF(LSUB.GT.1) GO TO 330 WALL 3560
Ne=N-1 wWALL 3570
WRITE(6,920)N¢ INTGE WALL 3580
RPlaN+] WALL 3590
NP 2=N+¢2 WALL 3600
99
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350
360

370
380

390

NP3=Ne3
IF{KIN.EQ.1)G0 TQ 360
UINPII=U(N+4)
UINP2)=UU(Ne3)
Y(NP3)nY{(N¢+4)
Y{NP2)=Y(Ne3)
IFINEQ.EQ.1)G0 TC 460
00 350 J=]1,NPH
FIJsNP3ImF(JoN+4)
F{JoNP2)sF{J,Ne3)

GO TO 460

CONTINUE

00 380 l=3,NP3
UllisU{lel)
Y([)a¥Y(I+}1)
IFINEQ.EQ.1)G0 TG 380
00 370 J=1,NPH
Fldyl)sFlJ),T¢}1)
CONTINUE .

GG TO 460

NafNel
WRITE(6,920)N, INTGE

WALL 3610
WALL 3620
WALL 3630
WALL 3640
WALL 3650
WALL 3660
WALL 3670
WALL 3680
WALL 3690
WALL 3700
WALL 3710
WALL 3720
WALL 3730
WALL 3740
WALL3750
WALL 3760
WALL 3770
WALL3780
WALL 3790
wALL 3800
WALL 3810
WALL 3820

CeseessCHANGE IF PRCGRAFN DIMENSIONING IS CHANGED. sésmhtssssessesamnssnss yALL 3630

400
410

420

430
440

450
455

IFIN.GT.50)GC 10 470
NPlsN+ 1

NP2aN+2 ,
NP3=N+3

IF(KIN.EQ.1)60 TC 420
YINP3)=Y{NP2)
YINP2) =Y (NP])
UINP3)=UINP2)
UINP2)=U(NP])

YI=0.5# (Y(NP2)¢Y(N))
Y(NPL}=20.5¢(Y(N}*VI)
UINPL) =0, S (UIN ) +LT)
IF(NEQ.EQ.1)GO TO 410
00 400 J=1,NPM
F(JoNP3)=F(J,NP2)
FIJ,NP2)=F (J,NP1)
F{JyNPLI=0. 5 (FJ,N)+FI(J) )
CONT INUE

GO TO 455

00 440 K=],N

I=NP3+ (1K)
UlTlaulI=1)
Y(I)aY(I~1}
IF(NEQ.EQ.1) GO TC 440
D0 430 J=1,NPH
F(Jy 1 1=FL,1~1)

CONT INUE
YI=0.5¢(Y(2)¢Y(3))
Y(3)=0.5¢(YIev{3))
UI3)20.5¢(Ul+L(3))
IFINEQ.EQ.1) GO TO 455
D0 450 J=1,NPH
FlJs3)=0.5%(FILJIeF(I,30)
EMU (NP1 )=EMU(N)

8F (NP3 ) =BF (NP2)
VISCO(NP3}=VISCO(NP2]
RHONP3) =RHO{NP2)

100

WALL 3840
WALL 3850
WALL 2860
WALL 3870
WALL 3880
WALL 3890
WALL 3900
WALL 3910
WALL 3920
WALL 3930
WALL 3940
WALL 3950
WALL 3960
WALL 3970
WALL 3980
wALL 3990
WALL 4000
WALL 4010
WALL 4020
wALL 4030
WALL 4040
WALL 4050
WALL 4060
WALL 4070
WALL 4080
WALL40%0
WALL 4100
WALL 4110
WALL 4120
WALL4130
WALL 4140
WALL4150
WALL 4160
WALL4170
WALL 4180
WALL4190
WALL 4200



TI(NPI)=],.
IF (NPH.EQ.D0) GO TO 460
00 458 J=]1,NPH
458 PRUJyNPI)=PR{J,NP2)
460 CONTINUE
IF(LTPL.EQ.1)WRITE(6462)
RETURN
470 MRITE (6,940}
LVAR=6
62 FORMAT(® LSUB=2 WAS INVOKED BECAUSE SHEAR STRESS RATIO*/
1* IN WALL FUNCTICN GOT LESS THAN 0.1, OUE PROBABLY?/
2' TO EXCESSIVE PRESSURE GRADIENT OR SUCTIIN'/})
640 FORMAT(//* PROGRAM TERMINATED BECAUSE N HAS EXCEEDED THE®/
1¢ NUMBER OF FLOW TUBES FOR WHICH THE PROGRAM IS DIMENSIONED'//)
920 FORMAT{L1X¢1THN HAS SHIFTED TO 912+1Xs9HAT INTG =,14/)
RETURN
END

SUBROUTINE AUX
c..l..
INTEGER GEOH.FLUID;SOURC:(5)-SPACE.BDDFDR.OUTPUT.TVPBC
COMMON/GEN/PET oAMY JAME ;OPD X o X ¢ XD ¢ XL o DXo INTG CSALFA,TYPBC(5),
1MODE s PRT(5) 4 PRENXBC X {100 ),RHI100) FJI(5+100),GC+C Iy AM{100),PRO,
2UG{100) 4PO, SOURCE s RETRAN , NUMRUN , SPACE ,R#3,PPLAG,0UTPUT, DELTAX, GV

WALL 4210
WALL 4220
WALL 4230
WALL 4240
WALL 4250
WALL 4260
WALL 4270
WALL 4280
WALL 4290
WALL 4300
WALL 4310
WALL 4320
WALL 4330
WALL 4340
WALL 4350
WALL 4360
WALL 4270

AUX00000
AUX00010
AUX00020
AUX00030
AUX00040
AUX000S0

3/E/NpNquNP2oNP3pNEQoNPHv(EXpKIN,KASEpKRADpGEOH'FLUlD.BUDFDR YPMINAUX00060

&4/GG/BETA,GAMA(S) ¢AJI(5),AVE(S) ,INDI(5),INDE(5) TAU,QWF(5)
5/V/ULS54) oF(5454) sRI54) OM{54) Y (54) yUGUsUGDyUT +FI(5),FMEAN,TAUM

AUX00070
AUX00080

6/M/SC 1541, AUIE4) JBULS56)sCUI56) 4AL5,56)¢B(5+54)+C(5,54),5U(5,54),5D0AUX00090

T/L7AK ALMG 4 ALMGG +FRA yAPL +BPLAQrBQy EMULS54) 4 PREF IS, 541 AUXN]
B/L1/YL UMAX UMIN ,FR,YI.P,YEM,ENFRA ,KENTo AUXM2

AUX00100
AUX00110

9IPIRH0(54)0VISCD(56!vPR(S.S#l-RHDL.VISCDC.PRC(Sl,TGSQIpRHOH.BF(SblAUXOOIZO

1/0/H,REM,CF2,STIS5) ,LSUBILVARCAY »REHPPL+GPL QWN(5]) XD
2/CN/Axx.axx.cxx.c;x.sux.xl,Kz.xa.splsan.Aux1(1001.nuxz(100| YPMAX
3/ADD/RBOM{S54) (CMC(54) yROMD [54) 4 1 TKE
DIMENSION DV{(S4)
C.'...'
1TKE=1
UGG=U(L1)¢FLOAT(KEX-11&(UINP3)-VUIL))
RHG=RHO (1) +FLOAT {KEX-1)*{RHO(NP3)-RHD (1))
AMym-AME+FLOAT(KEX=1)1%{AME *ANM])
RHWsRHOU(NP3) ¢FLOAT(KEX-1)¢ (RHI(L)~AHDINP3) )
VISWsVISCOINPI) +FLOATIKEX-1)®(VISCO{L)-VISCO(NP3})
UTAU=SQRTIGC*TAUK/RHE)
YPUT=RHWSUTAL/VISh
IF (INTG.GT.1) GC TO 10
KQUNT=0
IF (MODE.EQ.2) KCLNT=]l
1 RAVG=R (1)
RHOAV=RHO(1)
VISAV=VISCOl 1}
KTURB=0
[F {(NPHEQ.O.AND.PODE-EQe2 +AND.K2.NE. 2)WRITE(6,6)
IFIK2+,EQe 2. ANDoMCOE.EQ.2)WRITE (6,9
IF (NPH.EQ.O.AND.VODE<EQe2 «AND.KD LT, 2) WRITE(6,7)
IF (INPH.EQ.O0+AND MODEL.EQe2+ANDoKDoGE.2) WRITE( 6,8}
IF (NPH.EQ.O0) €O TC 10
JTKE=O
DO 5 J=1.NPH
1F (SOURCE(J).EQ.2) JTKE=J

OR]G
F Pr)oA’[‘ PA en 101

.

T

-
A

AYX00130
AUX00140
AUX00159
AUX00160
AUx00170
AUX00175
AUX00180
AUX00190
AUX00200
AUX00210
AUX00220
AUX00230
AUXQ0240
AYx00250
AUX00260
AUX00270
AUX00280
ayxo0290
AUX00300
AUX00310
AUX001329
AUX00330
AUX00340
AUX00350
AUX00360
AUX00370
ayxnolen
AUX00399



IF (JeEQeJTKESANLC.MODELEQ.2) WRITC (6,4) AUX0 0400

IF (JoEQ.JTKE.AND.MODE.cQs 2.AND.K2.EQe2) WRITE (643) , AUX00410
3 FORMAT(//* K2 SHCULD NOT BE SET EQUAL TQ 2 *//1 4UX00420
4 FORMAT(® FLOW IS TURBULENT AND PROGRAM IS USING TURBULENT® AUX00430
1/* KINETIC-ENERGY TO EVALJATE EDDY VISCISITY, EXCEPT IN THE'/ AUXD0440
1' WALL FUNCTION WHERE MIXING-LENGFHN IS USED. NOTE THAT THE®/ AUX00450
1* PRINTED-OUT VALUES OF TKE HAVE NO MEANING IN THE NEAR-WALL'/ AUX00460
1' REGION, T.E.y FCR Yo LESS THAN 3¢, OR 20A+.'/) AUX00470
5 IF (SOURCE{J).EQs2) KTURB=1 AUX004R0
IF (MOOE.EQ.1} GC TO 1o AUX00490
IF {KTURB.EQ.O.ANC.K2eNE«2 IWRITE (6,6) AUX00500
IF (KDuLT.2) WRLITE (6,7) AUX00510
IF (KD.GE.2) WRITE {6,8) AUXD0523
6 FORMAT(® FLOW IS TURBULENT AND PRUGRAM IS USING THE GRANDTL MIX-' AUX00530
1/ ING-LENGTH HYPCTHESIS TO EVALUATE EDDY-VISCOSITYS/) AUX00540
7 FORMAT(* THE VAN DRIEST SCHEME IS BEING USED TO EVALUATE! AUX0D550
1/* THE MIXING-LENGTH OR LENGTH-SCALE DAMPING NEAR THE WALL.'/) AUX0 0560
8 FORMAT(* THE EVANS SCHEME IS BEING USED T) EVALUATE THE® AUX00570
1/* MIXING-LENGTH OR LENGTH-SCALE DAMPING NEAR THE WALL.'/) AUX09580
9 FORMAT(* FLOW 1S TURBULENT AND PROGRAM IS5 USING THE CONSTANT*/ AUX00590
1' EDDOY ODIFFUSIVITY OPTION IN THE UUTER REGIIN' /) AUX00600
Covens AUX005410
10 DO 100 I=2,NP1 AUX00620
YM=0,5¢{Y(I¢l)eviIN) AUX0Q630
IF (KEX.EQ.1) YMsY(NP3)-YHN AUX00640
IF (FLUID.EQ.1) GC TO 12 AUX00650
RAVG=0, S*{R(I}#R(T41)) AUX00660
RHOAV=0,5¢ (RHO(T } #RHO( I ¢1) } AUX00670
VISAV=0.5%(VISCO(T)+VISCOL 1¢1)) AUX0J680
12 EMUT=0, : AUX00690
Cvilr=l. AUX00700
IF (MODE.EQ.1) GC YO 50 AUX00710
KOUNT=KOUNT 1 AUX00720
IF {(KOUNT.EQ.1) €C TO 1 AUX00720
IF (KASE.£Q.2) GO TO 25 AUX00740
c- ——eececcmmac EDDY VISCISITY DAMPING TERM —=--AUX007S0
CeveesVAN ORIEST DAMPING FUNCTION AUX00760
CeveeohPlL, BPL COMPUTEC IN WALL AUX00770
IF (FLUID.NE.L1) YPUT=SQRT(RHOAVSTAUWSGC)/VISAY - AUX00780
YLOC= YN*YPUT AUX00T90
If (KD.GT.1) GO TC 15 AUX00800
IF (YLOC/APL.GT.10.) GO TO 25 , , o , AUX00810
DVII)=1.~1./EXP{YLOC/APL) ; AUX00820
G0 TO 22 AUX00830
CosesosEVANS DAMPING FUNCTION AUX00840
15 OVII)=YLOC/BPL AUX00850
20 TF(DVII).GT.1.) OV(I}=l. o _ AUX00860
CesessLOWER LIMIT VALUE OAMPING TERM AUX00870
22 IF (OV(I).LT.0.0001) OV{1)=0.0001 AUX00RA0
25 CONTINUE AUX00890
S PRANDTL MIXING LENGTH ===~AUX00900
IF (1.6T.2) 60 TO 30 ‘ AUX00910
IF (GEOM.EQ.4.0R .GEOM.EQ.5) GJ TO 30 R o AUX00920
IF (REM.LE.100..0R.K2.EQ.3) GO TQ 30 AUX00930
CeaeesEMPIRICAL CORRELATION FOR ALMG FOR WALL FLOWS AUX00940
CessesTHIS CORRELATION THEN OVERRIOES THE INPUT ALMGG AUX00950
AMOR=AME/RHO(1) AUX00960
IF (KIN.EQe1) AMOR=AMI/RHO(NP3) AUX00970
ALMG=ALMGG*2,942/REM#0,125+(1,~67.5+AMOR/UGU) AUX00980
IF (ALMG.LT.4LMGG) ALMG=AL MGG AUX00990
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CeoeesCOMPUTE MIXING LENGTH AUX01000

30 AL=ALMG*YL ' : AUX01310

IF (KASE.EQ.1<AND.YM.LT.AL/AK} ALzZAK®YM AUX0 1020
IFIKASE.EQ.]1 «ANDK2,EQ.2)AL=AK*YN AUX0 1030

IF (KTURBoEQeloANTCoKASELEQe2) GO TO 40 AUX0 1040
IF{KASE.EQ.2)G0 TC 35 ) AUX0 1050
YTKE=Y{] )2»YPLY AUX0 1502

IF (KEXSEQel)VIKESIYINP3I)-Y([+1))sYPUT AUX0 1054
IF(KTURB.EQ-I.INDoKD-Lﬁol.AND-YTKE-GE-2-‘APL)GO TO 40 AUX01060
IF(KTURB.EQeloANDoKDo 6Ee 20 ANDs YTKES GE«BPL) GO TO &0 AUX01070

35 EHUT=RHOAV‘AL.AL*‘BS((Ull’ll'd(ll)/(Y(l’L"YlI1)"DV(I'*DV(I) AUX01080
IF(K2 .NEe2 .0R.KASE.EQ.2)GD TO 36 AUX01090
EMUTC=( AQ*RENMS3BCI*VISAY AUX011020
IFC(EMUT .GTEMUTC IEMUT=EMUTC 7 AUX01110
IFIYM.GT.0.43YL)ENUT=EMUTC AUX01120

3¢é IFIKTURB.NE.1160 70O 50 AUX01130
CeoossADJUSTMENT OF TKE IN NEAR-WALL REGION AUXO1140
FJIAVE= ( (AK®EMUT ) /{AQSRHOAV®ALSDV (] )) Je%2 AUXD1150
FIJTKE, 1)1=FJJAVE AUX01160
ITKE=1 AUX0O1161

IF (KEXeEQel .AND.ITKE.EQ.1) ITKE=! AUX0 1162

GO TQ 50 AUX01170
CeoessCOMPUTE EDDY VISCOSITY USING TURBULENT KINETIC ENERGE EON AUx01189
40 FJJAVE=ABS (0.5 (FLITKE,J¢1)¢F(JITKE, L1})) ) AUX01190
EMUT=AQ®RHOAVSALOOVI 1 )#SQRTIFJJAVE) /AK AUX01200

c- ———— L ——-- EFFECTIVE VISCOSITY ——--4UX01210
50 EMU(I)=EMUTeVISAY AUX01220

IF (NPHeEQ.0.ANO.KASELEQ.1) TUI)=ABS{EMULT e (UTel)-U(IND/ AUX01230
I{Y(Ie1)=Y(I}))/(GCOTAUN) ) AUX0 1240

IF {(NPM.EQ.0) 60O TC 100 , - AUX01250

C —ee=e=ce== TURBULENT PRANDTL/SCHMIOT NUMBER —=--AUX01260
EDR=EMUT/VISAYV AUX01270

DO 90 J=],NPh AUX0 1280

IF (MODE.EQ.1) GC TO 80 AUX01290
JPHI=] AUX01300

1IF (SOURCE(J)4GT<0) JPHI=SOURCE(J] AUX01310

GO TO (62,68,62+¢62)y JPHI . AUX01320
Cevsss AUX01330
CoosasSTAGNATION ENERGY EQN, TURBULENT PRANOTL NUMBER AUX01340
62 PRTJ=PRTIJ]) AUX01350

IF (KASE.EQe2.0RK3.EQe3) GO TO TV AUX01360
CoosseTHE FOLLOWING IS THE FREE CONSTANT IN THE TURBULENT PRANDTL AUXO1370
Coves s NUMBER EQUATION. EXPERIENCE MAY SUGGEST A DIFFERENT VALUE. AUX01380
CT = 0.2 o R AUXx01390
PETC=EDR¥CT®(PR(J,1¢1bePRIJ,II)/2. AUX01400
1F(PETC.LT2.CO1)PETC=,001 AUX01410
IFI(PETC.GT.100.)G0 TO 69 : ‘ AUX01420
ALPHA=SQRT{1./PRTJ} AUX01420
AQP=ALPHA/PETC AUX0 1440
IF(AOP.GT.10.)A0P=10. ) AUX01450
PRTJ'I.I(l-/lZ.‘PRTJ)QALPHA‘PETC-PETC‘PETC‘(l.-E‘P(-‘OP)l‘ AUXO1460

GO0 TO 69 - AUX01470
CessoesTURBULENT KINETIC ENERGY EGQN, TURB PRANDTL NUMBER AUX01480
68 PRTI=PRTI(J) AUX01490
=== EFFECIVE PRANODTL/SCHMIDYT NUMBER —-AUX01500

69 IF(KINCEQ.1l.AND.1.EQ.2)GD TO 90 AUX01510
IF{KEXeEQe 1o AND& 1.EQ.NP1)G0 TO 90 ) e ’ : AUX01520

70 PREF(J.]l'(l-OGECﬂ)I(EDRIPRTJ*I.OI(O-5‘(PR(J.X01)0PR(JoI'"i AUX01530

GO Y0 S0 AUX0 1540
CoooesLAMINAR EFFECTIVE PRANDTL NUMBER AUX0 1550
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BO PREF(Jy1)=0.58(PREJ, Tal) PRI, D) AUX01560
90 CONTINUE AUX01570
100 CONTINUE AUX01580
DO 110 [=2,NP1 AUX01600
RHOAV=(RHO (T ) +RHO(T+1))/2., AUX01610
RAVG=(R(I)+R(I+1))/2. AUX0 1620
Cooeas ADJUSTMENT OF EMU AT 2.5 AND Nel.5 AUX0 1630
IF (1.6T.2) GO TC 110 AUX01640
IF (KIN.NE.1) GO TO 105 AUX0 1650
IF (BETA.LT.0.02.CR.BETA.GT.0.9) GJ TO 110 AUX01660
EMU(2)=TAUSTY(2)eY{31)/(BETASIU(Z)oUL 3))) AUX01670
105 IF (KEX.NE.1) GO TO 110 AUX01680
IF {BETA.LT.0.02.0R.BETA.GT.0.9) GO TQ 113 AUX01650
EMUINPL )=TAUS(Y{NP3) =0.5¢( ¥ (NPL1)+YINP2}))/ AUX0 1709
1 (BETA*0.S*{UINPL) +U(NP2) )} AUX01710
CeaeoessCOMPUTE SMALL C*S AUX01720
L10 SCUI)=RAVGSRAVGERHOAV#0.5# (U(L+L)+Ull))®ENULT)/(PET#PEL ) AUX01730
[F (NEQ.EQ.1) 6O YO 300 BUXO 1740
c- e Lo SOURCE TERMS ~----AUX01745
DO 200 I=3,NF} AUX01750
CO 150 J=1,NPH AUX01760
SULJ,1)=0, AUX01770
S0=0. AUX01780
[F (SOURCE(J).EQ.0) GO TO 150 AUX01790
NSOR=SOURCE( J) AUX0 1800
60 TO (115,130,115,120), NSOR AUX01810
c- =-==—-== STAGMATIIN ENEPGY EON SOURCE ----AUX01820
115 IF (1.EQ.2) PREF(J,1)mPREF (J,2) AUX01830
PREFF=(PREF(J, 1) +FREF(J,i~1))%0.5 AUX01840
CS=SCULIS(UCT+LI®U(TeLI-UCTI®Y(]}I®RIND(I) AUXC1RS50
€S = CS=SCUI-11*(LCLISUCI)-U(I-1)#U(I~1401%RIND (T-1} AUX01860
CS=(1.~1./PREFF )&C SRBOM (1) AUX01870
. SULJ,T) = CS/(GC*CIIeBF([) /{CJ*RHO(I)) AUX01P80
120 IF (U(I).LT.0.0001) GO TO 125 AUXD1890
© IF (SOURCE(J).EQe3) SULJ,L)=SulJ,l)+AUXM2/ LRHO(TI®UCT)) - . AUX01990
IF (SOURCE(JI.EQ4) SU(J,1)sAUXM2/ (RHOLT}®UCTD ) AUX01913
125 SD=0. AUX01920 -
GO TO 150 AUX01930
c— - TURBULENT KINETIC ENERGY EQUATION SOURCE =---=AYx0194)
130 AL=ALMGSYL aUx01950
IF {KASE,EQs2) 6O T0 140 AUX01960
YMQ=Y{([} AUXD197)
IF (KEXeEQel) YMQ=Y(NP3I-Y(I} AUX01980
IF (YMQ.LT.AL/AK) AL=AK$YMQ , AUX 01990
140 DU200M=.55((U(1+1)%U{1e1)-Ul1)*U(1))eRIND(I)+ AUX0 2200
1 (UOL)®UCT I=U(I-1)%UCI-10 ) $ROMD (1~1) ) AUX0 2910
OVO=.5# (DV(I 1+CV(I~1) ) AUXV 2920
FJ2=4BS(F(J, 1)) AUX(2039
PROD=AQAL $DVQ*SCRTIFU2) #(RHOUL) 6RUTH/PELI®42/ (UL 1waKS 4, I & AUX0 2040
1 DU20CMes2 AUX0 2051
DISS=BQ*AK®F J2% 1.5/ (ALODV GsU( ] }) AUX0 2069
IF(DISS®LX.GT.FJ2)DISS=FJ2/0X AUX02070
SU(J, T} =PROD-CISS AUX0 2080
FGT=F(J,NP3) AUX02090
TF(KIN.EQ.2)FGT=F(J,1) AUX02100
IF(KIN.EQ, 3)FGT=0.0 AUX0 2110
IF(F(J, I).LT.FGTISUCJ, 1) =PROD AUX021219
$D=0.0 AUX0217)
GO TO 150 AUXV 2140
CoeeesADD OTHER SOURCE FUNCTIUNS HERE AUX02150
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CeessoCHANGE *COMPUTED GO TO* STATéHENT TO INCLUDE AUX02160

CreoaeSOURCE FUNCTICK STATEMENT NUMBERS. LIKEWISE, AUX02170
CeseesCHANGE TURBULENT PR/SC NUMBER *COMPUTED GO TO ° AUX02180
Coeons o STATEMENT NUMBERS, AUX02190
150 CONTINUE AUX02200
200 CONTINUE AUX02210
300 CONTINUE ayx02220
RETURN AUX02230

END : AUX02240
SUBROUTINE OLY ouT00000
Cocsss ouvoo010
OIMENSION UPLUS{S54)YPLUS(56),HP(54]),QRAT(54) ouT00020
INTEGER FLAG,FLAG2 ouT00030
INTEGER GEOM,FLUIC,SOURCE(5)+SPACE,BODFOR, QUTPUT,TYPBC ouUT00040
COMMON/GEN/PEY s AMI JAME ,DPDX o XU+ XD o XL e DX+sINTG o CSALFA,TYPBC(5), CUTO00050

1MODEyPRT (5}, PREJANBC X{L0D ), RU(LOU) »FU{5,100)+6GC+CJeAMI100),PRO, ODUTO0060
2UG(100) 4 PO, SOURCE,RETRAN,) NUMRUN, SPACE +RWDy PPLAG,OUTPUT, DELTAX, GV OQUT00070
3/E/NyNPL NP2 4NP3 yNEQosNPH,KEX)KIN,KASE KRAD, GEOM,FLUID,BODFOR, YPMINCUTO00RD

4/GG/BETA,GAMA(S) AJT(5),AJE(S5) ,INDI(5),INDE(S) +TAU,QWF(5) o0uT00090
5/V/U(S4)sF(5,54) yRIS4),0M(54) Y1540 4UGU,UGDUI »FI{5) ,FMEAN,TAUW QuT0O0100
T/L/7AK s ALMG, ALMGG o FRALAPL sBPLoAQeBQsEMUISe) ¢PREF(5,54),AUXNKL ouToLO110
S/P/RHOL54) ¢ VISCO(54) yPRIS5,54) s RHOC,VISCOCPRCI5) 4T (54),RHCM,BF(564)CUT00120
1/0/HyREMGCF2,ST(S) LSUBLVAR,CAY (REH,PPL,GPL+QW(5) XD ouTOOo130
2/CN/AXN ¢ BXXyCXXoCXNSEXX oKL ¢ K2/ K3 4SP(54),AJX1(100),AUX2{100},YPMAX CUTOO140
Cessses ouTo0150
G0 TO €(100,200,300,400,500,600), QUTPUT nuTo00160

100 CONTINUE 2yToo170
GO YO 1000 ouT00180

200 CONTINUE ’ guT00190
Ceessvo : . QuUT00200
CeosseTHIS ROUTINE WORKS PROPERLY ONLY FOR KIn=le. IV IS DESIGNED auToo210
CeonssPRIMARILY FOR EXTERNAL MOMENTUM AND THERMAL BOUNDARY LAYERS, Guv00220
CeossoshITH DR WITHCUT THE TURBULENT KINETIL ENERGY EQUATION. YO WORK auToeo0230
CeesesoPROPERLY, IT #USY BE THE LAST EQUATION SOLVED. qUT00240
IF(KINSNE.1)GC TC 600 auYo0250
IFUINTG.NEL11GO TC 205 o0UTV0240
IF{INTG.EQ.L)KSPACE=SPALE guv00270
JIF(KSPACE.EQ.11.CR.KSPACE.EQ.21)SPACE=} ouTN0280
IF(NPHL,ECL,0)ST(1)=0,0 CUT00290
IFINPHL,EQ.0)ST(21=0, B auviy029n
IFI{NPH.EQs1oANC. SCURCE(L1) o EL2I5T (1 )y, . . ] TUuT00310
IFINPHEQ.1.ANC.SCURCE(L) .EQ.2IREMA=V. i ouTo0320
IFINPH,EQ.,0)FI(1,1)=0, auvoNled
IFUINTG.EQ.1) FLAG=] nuvT00350
IFUINTG.EQ.1)FLAG2=1 o , cUT00360

205 FAMsAMI/(RHO(NP3)%UINP3)) , - " ouT00370
$TA=ST({]1) QUTN0 3RO
C=lH-1.)/(HSSQRT{CF21)) ) auT0013%0
BTA=—H®REMSCAV/CF2 o UT00400

IF{ SOURCE(1).EQ.e 2., ANDNPH.GT .L)STA=ST (2) . CuTa041n
IF(XDGEeXLIGG TC 210 ouT00420
IF{INTG.NE.FLAG) GC YO 278 L o ) fYT00420

210 CONTINUE NUT0Q44N
NINTG=INTG-1 AUT00450
IFCINTG.EQ.1.AND.KSPACE.NE.111GD T <¢i5 oUT004£0
IFCINTGLEQ. 1 IMRITE(S,282) 2UT004T70
IFUINTG.EQa2 o AND XKSPACE.EQ«L1)IWRITEL6,282) tyT00480
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IFLINTGoEQe2 o ANDoKSPACELEGe 2L )WRITE(S,282)

fUT0049n

IF{SPACE.NE.11G0 YO 215 TUTO0500
IFIKSPACE.EQ.1)GC TO 215 auTions1D
CPL=APL nUYTO 0520
IFIKD.GT.1)CPL=BPL 2UyvoH0530
WRITE(SH 204 )NINTY G, XU UGU yCAY yFAM,REM,CF2,H,REH,STA,F(1,1),CPL,AME CUT0Q5%0
IF{(KSPACE.EQ.11.AND.XD.LT . XLIGO TU 279 TyTo00550n
IF{INTG.EQ.FLAG2)GC TQ 215 CUT00560
IF(KSPACELEQe21 AND.XD.LT. XL)3D TU 279 nrUT00STO
IFIXD,GE.XL) UGU=UGD nyTo0580

215 CONTINUE 2UT00590
®RITE(6,280) ouTo0600
WRITE(6,282) ouT00610
CPL=APL nuTI0620
IFIKD.GT.1)CPL=BPL TJT0V630
HRITE‘6'ZQQ’NINTGvlUtUGU-C‘YUFAH'REHvCFZvNfREHoSTApF(1.l)tCPLOA"E CUTJI0640
[F!K}.GT.;O’HB!YE(G.ZBb"Sp‘l)vl‘ltS’vGoBfﬁ NYY00650

286 FOEHAT(IX.Z?PSPECi‘L'OUTPUT - SPUL)=,E9.301X,6HSP{2)=,E9.3,1X,6HSPCUTO0660
10302, E94 3, 1 X, 6HSP M) =,E9.3 41X, 6HIP(5) 34 EFe 34 1 X+ 2HG=, nYYO 0670
2F5.2, 1% SHBETA=,F5.21} ' S o 2UT006R0
288 FORMAT(/,5X,64H 1 vil} Uil YPLUS(]) upLusStn) ouTNNE90
1 HPLUSTI ) +SX ¢ 1OHSQRTIKI /UG 4/ ) uTo00700
IFINEQ.GT.1)nRITE(6,288) fyvoov1o
IFINEQ.EQ.1)RITE(6,290) nuToo720

290 FORMAT(/,5X,66F 1 Y1) uill YPLUS(T) UPLUS(T) UTO0730
1 TAUPLUS /) ouUT00 740
292 FORMAT{6X, 12 94X FB.692X9FT 293X sFB8.206X9F5.2909%X9F9.445XsFT7a4, TUT0G 760
15K, F6.3:2XyF1.3) : . ouro00770
YPUT=U(NPI)*SQRT (CF2*RHOINP3 J*RHO(L ) ) /VISCOL(]) CuTo00740
LPUT=]./{UINP3 )& SCRT{CF2#RHOINP3)/RHO(1))) cuTo00790
IFINPH.EQ.D0)GC TC 293 cuyT00800
IF{ABST{FILys1)}=F {1 NP3))ISST(1))alT..0001)G60 TO 293 auTo0810

1f ‘NEQ.GT.l.‘NOySOURCE(l’oNE-Z’HPUT‘SQRf(CFZ‘RHD(1’/RHO(NP3’l/ QuUT00R20

1 ((F(Ls1)=-FU1,NP2))EST(]1)}) ’ cuYoo83o
‘Coenswe oyToo0a3l
CeooaslHANGE MU IF DIMENSIONING CHANGED sssssssbossstsssstnst b dkksndnna CUT00832
293 pU=54 oUvY00833
Covsss cUT00834
DO 274 I=l,NP3 OUT00R40

M= CUT00850
YPLUS (T )=Y (] )eV¥YPLT AUT008S0
UPLUS(I)=Ull)ouPLY cuTO0870
IF({T.NE.2)GO TQ 245 cuT008480

60 TO (240,225,220,225+225)NEV ouT0089%90

. 220 IFISOURCE(1).EC.2)G0 TD 235 NUT00900
IF(SOURCE(2) .NE.2)GD TO 225 ouro0910
QRATIMUI=SORT(ABSIFI(2)}}/VUINP3) CUT00920

225 IF{SOURCE(1).EQ.20G0 TO 235 ouT00930
HP{MY)}=0.0 2UT00940
JF(ABS((F(1,1)=F{1,NP3))»ST(1)).LT..0001)G0 TO 23n QUT00950
HP{MUI=(Fl{1,1)=F1{1)IeHPUT fuUT00940

230 Fll,MUlsFLi1) QuUT00970
GO TO 240 cuY009a0

235 QRATIMU)I=SQRT(ABSI(FI(1)))I/UINP3) cuUYT00990
240 Y{MU)=0,5%(Y(l)eY()) ouT01000
uiMu)=ul cuTol1010
YPLUSI{MU)I=0.58{Y(2)eY{3))eYPUT ouT01020
UPLUS (MU )I=UT SUPUY cUTo 1030
M=MU QUTO01040

245 IFL]1.EQ.NP2)GO TO 274 cuT0 1050
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250

255

260

265

270 WRETEL61292) MY (M) oULM),YPLUS (M) ;UPLUS (M) 4HP( M} ,QRATIN)

272

274

276
280

2719
278
282

284 FORMATEIX  I3,2X s FTe92%Xe7F T o231l X0ELlQe3 92X FbabyIX,FT.192X,F8. 642X,

GO TO (2%00255¢2€5+255,255)4NEQ

TAUPL=].0 . ]
IF(TeNEoleANCaNoNE.MUITAUPL®0,5%{T(M)+T(N-1))
IFIM.EQ.MUITAUPL=TAU/{GCeT AUN)

IF(I<EQ.NP3) TAUPL=0.0

WRITE{64292) M, Y(PI, UM}, YPLUS(H!.UPLUS(NI.IAUPL
GO TO 274

IF(SOURCE(]1) +EC.2YGD TO 272

HP{I)1=0.0 ) i
IFCABS{L{FL1,1)=F {1 ,NP3))ESTU(L)}LT..0001)GD TO 260
HP LT )=(Fl{l,1)-Fl1,1)0)=HPUT

WRITE(6,4292) M, Y{M),UIM), YPLUS(M),UPLUS (N}

1,HP (M)

GO TO 274

IF{SOURCE(1) .EQ.2)G0 TO 272

IF(SOURCE{2) .NE.21G0 TO 255

QRAT (T)=SQRTUABS(F(2,1)))/U(NP3)

HP(1)=0.0
TF{ABSUIFILl,1)-F(1,NP3))).LT,.000L)6G0 T3 270
HPLIN=(F(l,1)=F(1.1))eHPUT

GO TO 2174

QRATUII=SQRT(AES(F(1l,1)}}/UINP3)

CuMMY=0.0

WRITE(64292) ¥, Y( M) UM, YPLUS(M) , UPLUSTM) »DUMMY, QRAT (M)
CONTINUE -

WRITE(6,280)

IF(XD.GT.XL}GO TC 276

IF(INTG.EQ.1¥G0 TC 276

IF (KSPACE.EQ.11.0RKSPACE.EQ.21)WRITELG,282)

CONTINUE

FORMAT(//)

FLAG2=FLAG2+KSPACE~-1

FLAG=FLAG ¢ SPACE

CONTINUE

FORMATL /115K INTG xXJ uGu

1 CF2 H REH ST Fll-lALLl APL OR 8PL ANME)

1FSe3 03X oFTal o2XeFBebo2X FBe2¢2XyFbale2XoFB,.4)
RETURN

c...l.

300
400

CONTINUE
GO YO 1000
CONTINUE

c.....

CeosssTHIS OUTPUT ROUTINE IS DESIGNEO PRIMARILY FOR FLOW IN A YUBE.

403
404

405
480

IF{INTGANE. L)GO TO 404

KSPACE=SPACE

IF(NPH.GT.0)G0 TO 403

ST{1)=0.0

PR{1,7120.0

F(1,)NP3)=0,0

SOURCE(1)=0

FLAG=1

FLAG2=]

1F (KSPACE.EQ.11.0R.KSPACE.EQ.21)SPACE=]
IF{XD.GE.XLVGO TO 403
IF(INTG.NE.FLAGIGC TO 425

CONTINUE

FORMATI2X SHINTG=,I3,1Xe3HXUB,F6e39)1XsIHRE=FIo1ls
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0UT01060
0UT01070
0UT01080
0UY01090
0UT01100
QUTO1110
nUT01120
0UTO1130
0UT01140
CUT01150
0UT01160
CUT01170
0UT01180
CUT01190
0UT01200
0UT01210
0uT01220
0UT01230
0UT01240
0UT01250
OUT01260
0UT01270
0UT0 1280
0UT01290
QUT01300
0UT01310
0UT01320
0UT01330
OUT01340
0UT01350
0UT0 1360
oUT01370
0UT01380
£UT01390
0UT01400
OUT01410
OUTO 1420
0UT0 1430
0UT01440
0UT01450
CUT0 1460
QUT01470
0UT0 1480
QUT01490
CUT01500
0UT01510
0UT01520
0UT01530
OUT0 1540
OUT01550
QUT01560
0UT01570
OUT01580
0UT01590
CUT01600
0UT01610
OUT01620
OUT01630
OUT01640
OUT01650



11KoAHCF29 ¢ FT oS oL Xy MHSTuy FT o5, 1Ky 3HNUS yF7, 251X 3HUMS,FT, 2, 1K, 0UT01660

13HFM= F942 )1 Xy 6HPRESS»,F1043,1 Xy 3HFW= ,FB8e2) 0uTO01670
NINTG=INTG~1 cuTO1680

J=1 0UT01490
IF(SOURCE(J) +EQe 20 ANBoNPHe EQe2) J=2 ouUTo1700
IF(SOURCE(J) .EQ.2.AND.NPH.EQ.1)5T(10=0.0 ouTo1710
ANU=sSTLJIO®PR{JTI®REN ) cUT01720
CeooaecocNOTE THAT NUSSELT HERE IS5 CALCULATED FROM [=7 PR, WHEREAS THE CUT01730
CoceasOTHER PARAMETERS ARE BASED ON MIXED MEAN TEMPERATURE, CUT01740
WRITE(6,4080)ININTG,XU, REN'CFZtST(JJ,‘NU'UGJ,FHEAN PRO.F(J.NP3’ auTo1750

. IF{KL.GT.10MRITE(6,482)(SPLEY4I=1,5)  — ~ CUTO01760
482 FORMAT(12X,23IHSPECIAL OUTPUT - SPILl)=,E104341X,6HSP{2)=,E1043,1X,60UTOLTT0
IHSP(3)= ¢E10. 2y LIX s &HSPL4}=,E10.3]1X,6HSP{5)=,E10.3) cur01780
IF(XD.GT.XLIGC TC 410 ouYo1790
IF(KSPACE.EQ.1116GC TO 420 OuUTO0 1800
IF(INTG.EQ.FLAG21GQ YO 410 cuyvols810
IFIKSPACE.EQ.210G6C TO <20 ouTo1820

484 FORMATL/5X¢45H 1 Y{l) ulry Fll,1) F(2,1) cuvo1830
L1oS5X ) 0YPL O SXoPUPLYyTX,EDR? ,6X*T(I1)/) ) QuT01840
410 WRITE(6,4384) cuT018S0
486 FORMATIOXs 123X FGe6¢2XsFT7.2,FLl0e29FLl0.2,3X,F08,2,2X4F6.2, ouT01860
14X, F6.244X,F1.2) ouTol1870
DUN=0,0 "yT01880
YPUT=UGU®SQRTI(CF 2} ouUY01890

0O 415 I=1,NP3 CuT01900
IF(KEX<EQel ) YPLo(YINP3)~Y(I))SRHOINP3)®YPUT/VISCOINP3) ouT01910
IF{KINSEQ L) YPL=(IYII¥=Y{(1) )*RHO{L)}eYPUT/VISCO(]) Quro1s20
UPL=U(TI}/YPUT ouvT01i930
IFINPH.EQ.11F(2,1)=0.0 QUT01940
IF(leGT o2, ANCoal LT NP2IEDASL(EMU(T ) +EMU(I-4)1/712.8VISCO(L1) ) autol19s0
IF(IelTe30Ra1.GT.NPLIEDR=}1.0 CUT01960
IFINPH.EQ.OIWRITE!64486) 1o YI)yU(L)DUMIUM,YPL,UPL,EDR,T(I) ouvol970
IFINPHeGToOINRITE(6,486) 1, Y(IDoUILI)sFULol)yFU2:1),YPL,UPL,EDR,T{I)OUTOL980

415 CONTINUE CUTO01990
" WRITE(6,.,488) 0uT02000
488 FORMAT(//} ouyT02010
FLAG2=FLAG2+KSPACE-] . nuYo02020

420 CONTINUE uT0 2030
FLAG=FLAG*SPACE auT 02040

425 CONTINUE QuT0 2050
RETURN ouUT0 2060
Coessse cuT02070
500 CONTINUE yT0 2040
GO TO 1000 QuTo 2090

600 CONTINUE Quro2100
C THIS IS A GENERAL PURPOSE OJTPUT ROUTINE ouTo21192
Cosave cuTo2120
IFUINTG.EQ.1IFLAG=] auTo2120
FAMN=0,0 2UT02140
IF(XD.GE.XL}EC TO 605 ouUY02150
IFIINTG.NE.FLAGIGC TO 620 cuT02160

605 CONTINUE ouTo2170
NINTG=[NTG-1 cuTto2180

680 FORMATI(// 42X o SHINTG=[3,2X,3HXKUR¢F845 92X 4HPEI =»,FB .5,2Xy4HAM]I=, auTo 2190
XF80§'ZXQ‘H‘-E’QFGQ" 2“09HPRESSUR510F903 pZX. 5“8 ETA* QF-,"'ZXQ GUTOZZOO
22KK=,E10.3) cuT02210
682 FORMATI12X o 4MREMS oF9, Lo2X s 4MREHE ¢ FO L ol Xy @HLF2=,FB8.6,2X,9HA OR BPLOUTO2220
130F6.2+2X,2HHS gFE .33 2XoTHIHO(L )= FT 442Xy FIHRHO(NP3 )=, FT &) cyTQ2230
684 FORMAT(12X,28HCISPLACEMENTY OF [-SURFACE = FT.5) oyT02240
686 FORMAT(12X,9KSTl U= ~ (5F9.6) CUT02250
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688 FORMAY(/* 1 yil) R{1) oMl uin) EMULT}
1 701} F(le1) Fl2,1) Fi3.1) Fl4, 1) F(5,11 )
690 FORMAT{AX, 121Xy FE.642XsFTo93XeFTe5)1KoFT2212%F10.792XsFb6.142X,
15F10.3)
692 FORMAT(AX,I2¢EXoFB.6,2XsFTobo3XFTebylXsFT.292K9F10o792XsF6,3)
WRITE(64EB0ININTG XUy PEL)AMI AME,PROs BcTA,CAY
CPL=APL
IF{KASE.EQ.2) €0 YC 610
IF(KDeGTa1)CPL=BPL
IF{KASE.EQ.1 IWRITE(6,682)REMREH,CF2,CPLyH RHO(1),RHOINP3)

quT0 2260
nuY02270
ouT0 2280
Cuv02290
ouT02300
ouTD 2310
ouT02320
0ouT02330
QuY02340
tuT02350

694 FORMAT(12Xs2FF =y F6a3 42X, THAVHPLUS® oF T, 492Xy 6HPPLUS= 4FT .4 ¢2X,BHTAUWANUTD 2360

ILL=,F9,.6)
TF(KASE.NE.1)GO TO 610
[IF{IKINeEQs 14 AND: UINP3 ) oGTo 06001 IFAM=AMI/ (J(NP3IISRHO(NP3})
IF(KEX.EQelcAND.U{1}eGT.0.00L)FAM=AME/IULLI®RHOLLY)
WRITE(6,694)FAV,GFL,PPL,TAUW
610 TF(GEOM.EQ.9IWRITE(6,684)RN0
EMU(1}=0.0
TFIKASE.EQe)l e AKDeNPHONELO)WRITE(6,686)(ST(J))J=1,NPH]
IF(KASE.EQ.l cANDNPH.NELOIWRITE(6,696)(Quld)yI=1,NPHI
656 FORMAT{12X,BKOWALL= ,5F10.5)
658 FORMAT(12X,9HGAMALJI= ,5F9.5])
IF(KASE.EQel cANDNPH.NE.O)WRITE(6,6981(GAMAL J) »J=1+NPH)
JF(X1.GT. 10V MRITELS,699(SPII)yI=)y5)

cuT02370
nuro02280
QuT02390
CUT0 2400
0UT0 2410
CUTD2420
QUT02430
CUY0 2440
nuYD 2450
OUT0 2460
2yv02470
QUTO 2480
fuTD 2490

699 FORMAT(12X,23HSPECTAL OUTPUT =~ SP{1)=,ELUe3s LXo6HSP(2)=,EL10.3,1X,6CUT025D0

IHSP(3) =, E10.3,1X6HSP 4=, EL0.3, L Xy 6HSP(5)=,EL10.3)
WRITE(6,688)
EMU(NP2)=0.0
EMUINP3)=0.0
D0 615 I=]1,NP3
IFINPH.EQ. 0)&RlTE(6¢692)I:Y(lIoR!litd"(l) U(ll ENU([)
IFINPHGTLOIWRITE(6,6Q0) 1, YULL) RUTI,OM(I}ULT) LEMULIY,
1(F(Jy139eJ=1oNPH)
é15 CONTINUE
FLAG=FLAG*SPACE
¢20 CONTINUE
RETURN
1000 CONTINUE
RETURN
END

T(IY
T(I),

SUBROUTINE PROP2(K FX,T]1,VISCOIPRAJRHOA}
C.Il.l
CoveesTHIS PROGRAM CALULATES THE PRIPEKTIES OF AIR AT ABSOLUTE STATIC
CesaooENTHALPY DETERMINED FROM FlJoi) AND UlLi. IT IS ESSENTTIALLY A
Ceeeos TABULATICON OF THE ECKERT AND DRAKc TABLES. IT IS ASSUMED
CeesssIN USING THIS SUBROUT INE THAT ThtE DEP&NDE‘T VARIABLE IN THT
Ceseos HERE:
Covsss K=1 IMPLIES START wITH LOWEST TABULATGD STATIC ENTHALPY
Ceooee 22 IMPLLES SYART WITH PREYIOUSLY U>cD TABULATED STATIC.esse
Coesneoe ENTHALPY .
Cooene HI=ABSOLUTE STATIC ENTHALPY(G/LBM)
Cecoes PREsSTATIC PRESSURE (LBF/SQ3.FT.})
Cosees RHDA=CALCULATED DENSITY (LBM/{CU.FT.})
Ceones VISCOI=CALCULATED OYNAMIC VISCISITY (L BM/ISEC.FT.))
Coecse PRAsCALCULATED PRANDTL NUHBER
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2UT02510
ouT0252)
ouT0 2520
YT0 2540
ouUY02550
CuT0 2560
ouT02572
cUT02580
CuT02599
0UTO0 2600
cuva 2610
ouTd262)
Cuv02630
auva26¢0
nyTI 2650

8RIP 000N
°R3P 0010
PRNP 020
PRA2 0020
PRAP BN G
PROP 0050
PRIP 0D 5)
PRAO DOTO
PROP OOAD
PROF 0190
PRNDO100
PROPOL1YD
P20 0120
FROFO120
LI LY PP
PRAP (1150
PRIP N1 6D
FRAP D170



INTEGER GEOM,FLUTIC SOURCE(5),5PALc,BO0OFJIR, QJTPUT,TYPRLC

COMMON/GEN/PET g AN JAME,DPI Xy XJ e XDy XL o DXy [ 4TG o CSALF A, TYPBC (5],
1MODEyPRT(5) ¢ PRE JNXBCy X{LID ) yRallu) oFUl5,8000,GCoCJeAM{100},P0,
2UGI100) ¢POsSCURCE,RETRAN) NUMRUN y SPACE yRWD,PPLAG,OUTPUT,DELTAX, GV
E/V/UI{S54) 4FU5,54) yRI54),0M(56),Y(54) yUGJyJ50+sUT4FT{5),FMEAN,TAYW
1/0/HoREMGCF2,5T(S)4LSUBLVARSCAY yREH, PP L,GPLQNW(5) KD

CIMENSICN HA(34) ,TA(34),V5(34),PA(34)

DATA MHAU1) ¢HA(2) yHA(3 )}y HA( &) yHALS) HA(O) +HA(T) 4HA(B),HALG),HA(10]),
IHA(LIL) oHA(LR),PACLI),HALLS)yHA(LS) ,HALLO),»HALL1T) HA(L18) HA(L19),
2HA{20) yHA{21 D)o HA(22) 4HA(23 ) oHA(24),HA(25),HAT26),HA(2T),HA(28),
IFA(29) yHAL3O0 ) o FAL3]1) ) HAL32 ) sHA(33) ,HA(34)/42.89,64,.43,B85,97,

. 4107.50,129.060150.68,172.39,194.25+216.26,238,504,260.97,283,68,

i 5306¢659)329.8843536370377.11,4040.091425.299449.71,499.17,549,35,
6600.16,651.51,703.35,755.61,808.28,861.28,914.61,968.21,
71022.0991076620,1130e56,1185.11,1270447/

DATA TAUL)¢TAL2)TA(3),TA(4),TALS),TA(O),TA{T) TA[B),TA[9),TA()D),
1TACLYI ) TALL2),TA(L3),FALLG)TACL5)TA(LS), TA(LT),TALLBY,TALL19),
2TA(20), TAL21)oTAC22)TA(23)sTAL24),TAL25),TA(26),TA(27),TAL28),
3TA(29),TA(30),TA(31),TA(32),TA(33),TA(34)/180.0,270.0,360.0,450.0,
4€540,00630.0,720C»810.0¢900e0,99040+108022,1170,0,1260.0,1350,0,
51440.0+1530.001620.0+1710,0,1800.0¢1980409¢160.0¢2340.0,2520.0,
€2700.0,2880,043060.0:,3243.093420.0,3600.0,5780.0,390,0,4140.0,
74320.0,4620.0/

CATA VS(1),VSE2)ovS{33,VSL 4}, VSISI,V5(6)eVS{TI,VS(B),VS5(9),v5(10},
IVS(11),VS€12)oVSUL3),¥S5(L4)oVS(15),vS(L60,VS(L1T),VELLB),VS(19},
2VSU200 o vSUT21) 4o¥S(22)eVS(23)9V3(26),VS(25),¥5026),VS(2T),V5(28),
IVS(29),VS{30)yVS(31),V¥5632),VvS5(33),Vv5(34)/46.53,69.10,89,.30,107.4,
412461913944 153,¢€9166,99179e5¢191.992026819213659223.9¢233.9,243.6,
5253.00262.0,270.34279.00295.54310.,9+325.8,339.8,353.3,366.8,379.2,
6391.5,402.9,416.8,430.1,439:8,45163,461.1,475,0/

DATA PA(L)PAL2) yPAL3],PA(4)PALS)PALGIPA(T) PA(B]PA(S),PA{]10]},
1PALLL) ,PA(L2),PAL]13)+PA(L4e))PALLS5)sPALLGIPALLIT)I,PAL]1B),PA(L19},

. 2PAC20),PA{211,PA{22)PAL23 ) PAL24)4PA(25),PAL26),PA(27),PA(28),

L 3PA{29),PA{30),PA(31)PAL32)PAL33),PA(34}/0.770540,753,0.739,0Q.722,

- 40.T70840.697,0.689,0.,683,3.680,0.68040.68)90,68290,684,0.686,0,689,
50.,692910.89630,69G¢0.702¢0.706¢0.71450.722:0,72690.734,0.741,0.749,
60.759,0.767,0,783,0,803,0.831,0.803,0.916,0.972/
Hi=FX-{UIK)oL (K} )/(2.0%GCeCJ)

IF (LVAR.EQ.7) WRITE (6,6)

IF(HA(34).LT.FIMHI=HA( 34)

IF(HA(L) .GT FIHI=HA(]L)

& FORMAT{//% ENTHALPY IS DUT OF THE RANGE OJF?Y/

1* VALUES TABULATEC IN PROP2°//7)

IF(K.EQsl) La]

D0 1 I=L,34
IF(HA(TI).GT. ]} GO YO 2 .

1 CONTINUE

2 Nsl-~]

IF(HA{M] . LE.+I) GC TO 5
0C 3 J=l.M
MB=M-

IF(HA(MB).LE.HI) GO TO 4

3 CONTINUE

4 M=MB

 I=Mel

"5 L=l

TIsTA(M)IS{TALL)=TA(M) )S(AL=HAIN) }/LHACL)~HAI[M)Y)

VISCOI={VSI{M)+(VS{T)=VSIH) IS (HI-HAIM) )/ (HALID)-HAIM)))*0.000000]

PRASPA(MIIPALI)~PA(MI)ICIHI-HA(N) M/ {HALL)-HA(N)})
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oRQPO180O
PRID(O 190
PRTPO200
PRTPO2LN
PROP 229
oone Q0230
PRI (240
PRNOPO 25
PROP 0260
PROBO2TD
PROP Q2R
PROP 0290
PPOP 0201
PRIP 0310
PRIP 0120
PROP033D
FROPO340
OROP 0350
PRAP Q36D
PROPO2ATO
PRNO()3I80
PROP QAN
PR72P 0400
PROPOLLD
PRIP 0420
PRCP (0430
PROP 0440
PROP 0450
PROP 0460
PRCP 0470
PROP0 480
PROO 0490
PROP 1500
PRNPOS10
PROPO520
PROPO530
PROD OS540
PROP Q550
PROPOS60
PROPOSTO
PROP 0580
PR2P 0590
PROPO6ON
PRIPO610
PROPO620
PROP 0630
PROP 0640
PRCPO650
PROPO66D
PROPO6TO
PROP 0680
PROP 0690
PROPOTO0
PROPOTILO
PROPOT20
PROPOT3O
PRCPOT4O
PROPO 750
PROPO 760
PROPOTTO



PRES=PRE PROPO780

IF(LSUB.GT.0) PRES=PRO PRNP 0790
RHOA=PRES/{53.34%71) PRDOP 080D
RETURN PRNPOBL0O
END ) PROP0OB20
SUBROUTINE [NPUT (XERRORI) INPUOOOD
Covoee INPUOO10
INTEGER GEOM,FLUIC,SOURCZ{5),5PACE,BOOFOR, JUTPUT,TYPBC, TITLE(18) INPUOO20
COMMON/GEN/PE] ¢ANT JAME sDPD Xy XUy XDy XL o DXy INTG,CSALFA,TYPBC (5], INPUOO30

LMODE, PRT(5) o FRE;NXBC 4 X (10) }yRH{LO0)4FJI5,100),GCCJsAMIL100},PROs INPUOOAO
2UG(100) +PO, SOURCE »RETRAN, NUMRUN ¢ SPACE 4RWD,PPLAG,0UTPUT,DELTAX,GV  INPUDOS50
3/E/N,NP1,NP2 NP3 ,NEQ,NPH,KEXsKINsKASE yKRAD,GEOM,FLUID,BODFOR, YPMIN INPUODSO
4/GG/BETA,GAMALS) JAJI(5),AJE(5) ¢ INDI(5), INDE(S) ,TAU,QWF(5) INPUOOT0
B/V/U{54) yF(5454) yR(54)yOML54), Y1544 yUGUsUGU+UT +FI(5) FMEAN,TAUM INPUODAO
6/M/SC(54), AUI54) sPUIS4),CUl54) ¢A154560,B(5454),C(5,541,5U(5,541,SDINPUOOSO

T/L/AK ALMG yALMGG g FRA,APL 4 BPL9AQy B, EMUL(54) PREFI5,54),AUXM] INPUO 100
B/LL/YL yUMAX UMINoFRyYEP o YEM)ENFRAJKENT e AJXM2 INPUO 110
9/P/RHO(S54) 4 VISCO(S54) yPR{5,54),RHOC, VISCOL)PRCIS5) T {54), RHCMy BF (54) INPUO120
L/C/HsREMCF2,ST{5),LSUBsLVAR;CAY ¢REHs PPLsGPL +QW (5] ,+KD INPUO130
2/7CN/AXXeBXXs CXXyCXXEXX KL K2, K3,SP(54) 4AJX1{100),AUX2{100},YPMAX INPUOL4O
c'.... - !Npuolso
CeeesoEACH 'READ! STATEMENT IS INDICATED BY THE SUMBOLS shstbsssdassssssINPUCLEO
CeenssALL INTEGERS ARE IN FIELOS OF 5 SPACES. BE SURE TO JUSTIFY TO INSUOL 70
CeceeeRIGHT. ALL DECIMAL NUMBERS ARE IN SUCCESSIVE FIELDS OF 10 SPACES. INPUO180
C sesosessvtkesusssesesnesns READ IN A TITLE OF UP YO T2 CHARACTERS INPUOD1S0
READ(SKSOS)TlVLE INPYD 200
Ceoons INPLO210O
BRITE{6+506)TITLE INPUD220
Cessee THE QUANITIES READ AT THIS POINT ARE OEFINED: INPUD 230
Ceoses GEOQM= GENERAL STATEMENY OF THc SYSTEM GEQMETRY [NPUD240
Ceosss =] IMPLIES AXKI-SYMMETRIC B0DY--RADIUS NOT INCLUDED 1M INPUD 250
Cocsos BOUNDARY LAYVER EQUATIONS, APPLICABLE TC EITHER INPUDZ260
Cecass INTERNAL OR EXTERNAL BDUNDARY LAYERS WHERE INPUO270
Casces BOUNDARY LAVER THICKNESS IS SMALL RELATIVE TO INPUD280O
Cosens BODY RADIUS. ALSD APPLICABLE TO FLAT-PLATE INPUO290
Coeure GEGMETRY (SIMPLY SET RW(M) CONSTANTI. INPU0300
Coosse =2 [MPLIES AXI-SYMMETRIC 80DY-—RADIUS INCLUDED IN INPUO320
Cosens BOUNDARY LAYER EQUATIJINS, APPLICABLE ONLY TO INPUO330
Coannas EXTERNAL BOUNDARY LAYERS (K IN=],KEX=2) INPUO 340
Coeneone =3 [MPLIES AXI-SYMMETRIC BOUNDARY LAYER, APPLICABLE ONLY INPUO3SO
Cevsee TD INTERNAL BOUNDARY LAYERS {KIN=2,KEX=1}) INPUO 360
Cecvse =4 IMPLIES CIRCULAR TUBE-FLOw PROBLEM (KINs3,KEX=1) INPUO3TD
Coonee a5 IMPLIES FLOW BETWEEN PARALLEL PLANES, SYMMETRICAL INPUO380
Cecsss BOUNDARY CONOITIONS (KIN=3,KEX=l]) B N INPUOI90
Coconse 26 IPPLIES AXIALLY-SYMMETRIC JETS INPU0400
Coenas a7 IMPLIES ARIALLY-SYMMETRIC FREE SHEAR FLOW INPUO410
Cecsese =8 [PMPLIES TWO-DIMENSIONAL SYMMETRIC JEY ' ’ INPUO420
Coeonss =9 IMPLIES THO-DIMENSIONAL FREE SHEAR FLOW INPUO430
Coassoe MODE= TYPE CF FLOW SYSTEM CONSIDERED INITIALLY INPUO &40
Cecess =] IPPLIES LAMINAR FLOW INPUO 450
Ceasvse =2 IWPLIES TURBULENT FLOW T - INPUD460
Ceesss NOTE: IF MODE = 1 THE PROGRAM AUTOMATICALLY CHANGES INPUO&TO
Ceeseor TO TURBULENT FLOW WJHEN THE MOMENTUM THICKNESS RE INPUO4 80
Covesns NUMBER EXCEEDS VALUES INSERTED AS °'RETVRAN’ BELOW. INPUOS4S0
Coveoe FLUID= TYPE OF MAINSTREAM FLUID/SELECTS APPROPRIATE SUBROU~- INPUO 500
Ceoons TINES B ' - INPUOS10
Cocese =2 IMPLIES AJR AT MODERATE TEMPERATURES INPUOS30
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C-'..I

=3{0R HIGMER) IMPLIES OTHER FLUIDS NOT YET SPECIFIEOD. INPUOS540

Cosaae NEQ= NUMBER CF CONSERVATION EQUATIONS CONSIDERED INPUOSS0
Ceoseos INCLUDING MOMENTJM EQUATIOJN INPUDS560
Cecoss N= NUMBER QF STRIPS ACROSS LAYER (LIMITED TO 50, THIS VERSION)INPUOSTO
Coessne KEX= DEFINES TYPE OF BOUNDARY AT ARBITRARILY NOMINATED INPUOSS0
Casces EXTERNAL BOUNDARY INPUOSS0
Coscss KIN= DEFINES TYPE OF BOUNDARY AT ARBIRARILY NOMINAYED INPUO 60O
Canese INTERNAL BOUNDARY INPUO610
Coeoesnse KIN,KEX= 1 I[FPLIES wALL BOUNDARY INPUOG20
{ ) = 2 IMPLIES FREE BOUNDARY INPUOB30
Coonee KENT= 0 IF ENTRAINMENT IS BASED ON MOMENTUM EQUATION ONLY. INPUG650
Cevese = 1 IF ENTRAINMENT 15 BASED ON ALL EQUATIONS. INPUOS6D
C #3020 tNSE S SRS RN IS ESANESE S C SRR E AR TN SO RS EL S SR KSR RO SR F SR D2 INPUOQSHTO
C C(INTEGERS) INPU 0680

READ(5+585) GECM,MCDEFLUIDINEQoNoeKEX yKINyKENT INPUO6SO
Coooss INPUO 700

WRITE(6,510) INPUOTLO

IFIN.GT.40)WRITE(6,980) INCUYOT20

WRITE(6,520) GEOMoMODEFLUIDNEQ/N,KEX,KIN INPUOT30

IF{GEQOM.EQ.4.0R,GECM.EQ.5)G60 TQ 20 INPUOT40

IF(KENT.EQ.OINRITEL6,525) INPUOTSO

IF(KENT.GT.OMMRIYE(6,526) INPUO TS0
Cevese THE QUANITIES READ AT THIS PIINT ARE OcEFINED: INPUOTTO
Coasnosne XUs INITIAL VALUE OF X CHOSEN TO OEFINE POSITION OF INITIAL INPUO 780
Cesesse PROFILES. TYPICALLY Xu=0.,0, BUT NEED NOT BE. INPUOQ TS0
Casene XL= VALUE CF X WHERE COMPUTATIONS ARE TERMINATED INPU08DO
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DELTAX= MAXINUM STEP [N X-DIRECTION, EXPRESSED AS FRACTION OF INPUOBILO
EOQUNCARY LAYER THICKNESS (SUGGEST 0.5, BUT CAN RE MADEINPUOB2D
MUCH LARGER FOR CONSTANT PROPERTY FLDOWS AND LAM FLOWSL INPU0B30

RETRAN = MOMENTUM THICKNESS REYNOLDS NUMBER (OR DIAMETER INPUOB4O
REYNCLDS NUMBER IN TUBE-FLOW PROSBLEM) AT WHICH INPUOBS50
TRANSITION FROM LAMINAR TO TURBULENT BOUND- INPUOBEO
ARY LAYER IS5 DESIRED {USE OUMMY NUMBER [F INPUOSBTO
PROBLEM 15 ALL TURBULENT.) (SUGGEST 200.0) INPUOAROD

FRA= FRACTION FOR ODETERMINATION OF DX TJ NEXT POSITION (SUG- INPUOASO

GESTED VALUE=0.05). INPUOS00

ENFRA= DESIRED FRACTIONAL DIFFER:NCE BETWEEN FREE-STREAM AND INPUOS1O
NEXT-TC-LAST GRID PUINT. CONTROLS ENTRAINMENY RATE. INPUOS20
(SUGGESTED VALJE=0.005). THI> VALUE IS RELATED YO THE INPU0930
CHOSEN GRID SPACING. IN SOME LASES 0.01 WORXS BETTER, INPUO940
BUT WITH A FINE GRID IT MAY BE NECESSARY TO GO AS LOW INPUOSSO

Covose AS 0.001. IF THERE IS NO FREE-STRFAM INPU0960
Covese LEAVE ENFRA BLANK, 0K USE ANY JUMMY NUMBER, INPUOGSTO
Cooese GV= GRAVITY CCNSTANT, POSITIVE IN POSITIVE X DIRECTION. INPUQGB0
[ LEAVE 0.0 CR BLANK IF GRAVITY IS NOT COINSIOERFED. INPUO920
C tvt‘ttattttttt.to:ttt‘ttttt-tcttovt#tout--uat'tttttttccntttttttu-tttttlNDu[ooo
C (DEC IMAL NUMBERS) INPUYL1010
20 READ(S+580) XUy XL+CELTAX,RETRANFRA)ENFRA,GV INPUJ1020
Coeocoe INPU1030
WRITE(6,540) INPU10A0
WRITE{6,550) XUy XLoDELTAX,RETRAN,FRA, ENFRA,GV INPU1050
NPH=NEQ~-1 . INPU 1060
KASE=1 INPU10T70

. IF{KINGNES 1o ANDKEXJNELIKASES? INPUL10BYD
CoosseeTHE QUANITIES READ AT THIS POINT ARE DEFINED: INPU10SO
Cees«BCOFOR= TYPE CF BCCY-FORCE (OTHER THAN PRESSURE GRADIENT) INPUL10O
Covuns =0 IMPLIES NO EXTRA 80DY FORCES INPUL110
Cenesns =] IMPLIES FREE-CONVECTION 800Y~FORCE. {NPULL120
Cosnne =2 [MPLIES AN EXTERNAL BJ0Y-FIRCE (IN AODITINN T9 FREE INPUL130D
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C.I.l.

CONVECTICN), JINTROOUCED THRU AUX1(M). INPU1140D

CeessSOURCEIJ)= TYPE OF SOURCE FUNCTION IN THE DIFFUSION EQUATIONS. INPU1150
Covene = 0 IMPLIES NO SJURCE FUNCTION. INPU1160
Coveos = 1 [IMPLIES VISCOUS DISSIPATION, PLUS WORK OF ANY BODY  INPU1170
Cosene FORCES, IN THE ENERGY EQUATIIN. o INPU1180
Cosens = 2 [IMPLIES THE SOURCE FUNCTION FOR THE TURBULENT ENERGY [NPU1190
Coocoe EQUATION. SETTING SOURCE EQUAL TO 2 FDR ANY DIFFUS- INPU1200
Covara 1ON EQUATION AUTOMATICALLY MAKES THAT EQUATION BE THE INPU1210
Covens TURBULENT KINETIC ENERGY EQUATION, AND AT THE SAME  INPU1220
Coonese TIME THE EODY VISCOSITY AND EODY CONDUCTIVITIES WILL INPU1230
Consee BE CALCULATED BY THE TUKBULENT KINETIC ENERGY METHOD INPU1240
Coesonn INSTEAD OF FROM THE MIXING LENGTH, INPU1250
Cosese = 3 IPPLIES VISCIUS DISSIPATION PLUS AN EXTERNAL VOLUME INPU1260
Covens SOURCE, INTRODUCED THROUGH AUX2(M), PLUS BODY FORCE INPUI270
Covene WORK, IN THE ENERGY EQUATION. AUX2(M) HAS DIMENSIONSINPU1280
Coveas (ENERGY )/ (VOLUMESTIME ) « INPU1290
Cevens = & [IMPLIES AN EXTERNAL VOLUME SDURCE, INTRODUCED THROUGH INPU1300
Cosese AUX2(M). DIMENSIONS, (QUANTITY)/(VOLUMESTME), INPU1310
CevessSOURCE WILL NOT BE READ UNLESS NEQ IS GREATER THAN 1. - 1NSU1320
C sssssnesssessnsnsssrsdstsas READ EITHER OF THE NEXT TWO INPU 1330
C UINTEGERS) INPU 1340
IF(NEQ.GT.1)READ(5,585) BODFOR,{SOURCE(J)J=1,NPH) INPU1355
IFINEQ.EQ. 1)READ(5,565)80)FOR INSU 1360
Cosvese - INPU13TO
WRITE(6, 820) S o - ' INPU 1380
IF (NEQ.GT.1)WRITE(6, 830) BODFOR, {SOURCE(J) +J=1,NPH) INPU 1390
IFINEQ.EC.1)ARITE(6,830) BODFOR INPU1400
Cosess THE QUANITIES READ AT THIS PIINT ARE DEFINED: INPU1410
Cesess  PD= INITIAL FREESTREAM STATIC PRESSURE INPU1420
Ceesse  RHOC=DENSITY OF CONSTANT PROPERTY FLUID INPU 1430
Coases VISCOC=VISCOSITY OF CONSTANT PROPERTY FLUID(IF ENGLISH UNITS, INPU144D
Ceesesn USE DYNAMIC VISCOSITY, LBM/{SEC-FT)). TNPU1450
Cosens PRC = PRANDTL NUMBER OF CONSTANT PROPERTY FLUID (FOR TURBULENTINPU1460
Covone KINETIC ENERGY EQUATION USE PRC=1.00) INPU14TO
Ceeees {THE CONSTANT PRCPERTIES MAY BE UMITTED [F FLUID NOT EQUAL 1) INPU 1480
IF(FLUID.EQ. 2}WRITE(6,800) INPU1490
IF(FLUIC.EQ.1MRITE(6,752) INPU1500
C sesswvasssansnassssss READ UNLY ONE OF THE FOLLOWING THREE INPU1510
C (DECINAL NUMBERS) INPU1520
IF (FLUID.NE. 1 }REAC(5,5801P0 INPU1530
IF(FLUID.EQe 16 AND.NEQoGF oL JREAD(54580) POyRHOC VISCOC(PRC(IIoJx1, INPUL54D
INPH) INPU1550
IF(FLUID.EQ.1.ANC.NEQ.EQ.1 JREAD{5,580)P0,RHOC, VISCOC INPU1560
Covnss INPU 1570
WRITE(6,700) - S INPU 1580
WRITE(6, 900) PO INPU 1590
IF{FLUID.NE.1)GO TO 50 INPU1600
WRITE(6,680) INPU1610
IF(NPH.€Q.0) GO TC 40 INPU 1620
WRITE (64690) RHOC,VISCOC, { PRCIJD 9 JI=1s NPH) IN®U1630
GO YO S0 INPU 1640
40 WRITE(6, B70) RHCC,VISCOC INPU 1650
50 CONTINUE INPU1660
WRITE(6,770} INPUL670
CuesssBOUNDARY CONDITICNS ALONG I AND E BOUNDARIES (ONLY ONE MAY BE INPU1680
Ceesooh WALL) o INOY 1690
Ceseees THE QUANITIES READ AT THIS POINT AKE DEFINED: INPU 1700
Cuewes NXBC= NUMBER CF POINTS USED TO SPECIFY BDUNDARY CONDITIONS AT INSU1TIO
Cosooe EITHER INTERNAL DR EXTERNAL BOUNDARY INPULT2D
Cevess TYPBC(J)= IMPLIES TYP: OF BOUNDARY CONDITION GIVEM FOR THES INPULT30
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Cesaae J=Tk CONSERVED QUANTITY AT A wAlL SURFACE INPU1T40

Cossen s1 IPPLIES LeVEL SPECIFICATION IN2YL1750
Cevesne =2 IMPLIES FLUX SPECIFICATION INPU1T60
Cocseae NCTE: FOR THE TURBULENT KINETIC ENERGY EQUATION INPULTTO
Coesns USE TYPBLC(J)=] INPUI1TRO
Coevas  (TYPBC WILL NOT BE READ UNLESS N£Q IS GREATER THAN 1) INPU1T790
C ssdankassssassenssns READ ONLY ONE OF THE FOLLAOWING THREE INP1 1800
CevaeoNOTE: KASE=]1 MEAMNS A WALL; KASE=2 MEANS THERE ARE NO WALLS. INPU1B1O
C (INTEGERS) INPULB20
[FIKASE.EQ.1 +AND.NEQ.GT.LIREAD{5,585) NXBC,(TYPBCUJ] J=1,NPH) INPULR30
IF(KASE.EQ.1 .AND.NEQ.EQ.1) READ(5,585) NxBC INPU 1840

. IF(KASE.EQ.2)REALC(5,5851NXBC INPU1850
Casstes INPU1B60
IFIKASE.EQe 2e0R.NEQ.EQ.1)G0 TO 70 INPUL8BTO
WRITE(6,45701 i INPUL18RO
PRITE(6,590) NXBCITYPBCIJ) yJ=1,NPH) INPU1890

-~ 60 TO 80 INPU1900

70 WRITE(6, 890) INPU1910
WRITE(6, 585) NXBC INPUL920
Cossoe THE QUANITYIES REZD AT THIS POINT ARE DEFINED: INPU1930
Cocnes X(M)= POSITICN AT wHICH THE BOUNDARY VALUES ARE GIVEN., NOTE INPU194D
Cessnas THAT X{L) MUST BE LESS THAN (OR EQUAL TO) XU, AND THE INPU1950
Ceooen LARGEST VALUE JF X(M} MUST BE GREATER THAN INPULS60
Covese ({OR EQUAL TO) Xi. INPUL9TD
Cesosna RW{M)= DISTAMCE FRUM AXIS OF SYMMETRY T) B80DY SURFACE. INPU1980
Conans SET= CONSTANT [F PLANE BUUNDARY LAYER. (SUGGEST 1.0] INPU1990
Censes FOR GECM=4, RW(M} IS THE PIPE RADIUS, MAY VARY WITH X. INPU2000
Coessas FOR GECM=S, Rw{M}) IS THE HALF-WIDTH OF THE DUCT, WHICH INCU2010
Ceeses MAY BE A FUNCTION OF Xx. ) INPL 2020
Covosne FOR GECM=6,8y OR¢9¢ RN(M) [5 TITALLY A DUMMY,. INPU 2030
Cecrvns FOR GEQM=7, RW(M} 1S THE INITIAL RAOQOIUS OF THE I- INPU 2040
Censes BCUNDARY, BUT IS A DUMMY THEREAFTER., INPU 2050
Ceccean AUX1{M}, AUX2IM)= AUXILIARY FUNCTIDNSy FOR SPECIAL PURPOSES: = INPU2060
Ceedon INTERPOLATED VALUES WILL APPEAR [N THE COMMON AS AUXM1INPU20TO
Cocses £ AUXM2 TF THERE iS A WALL. LEAVE COLUMN BLANK IF INPU 2080
Cosesne NQT USED. INPU2090
80 CONTINUE INPU2100
IFINXBC.LT.2)WRITE(6,920) INPU2110

DO 90 M=]1,NXBC INPU2120

C 03332 SNR AL RNNEBE VAL HENER SR SAHBE S S S 4030 S0 2R R kR b SR A dbku e wsd 3 [NPU21 30
C (DECIMAL NUMBERS, IN THE FORM OF A TABLE.) INPU2140
90 READI(S5,580) X{M) RWIMI,AUXI(ND,AUX2(N) INPU2150
Covses INPU2]160
Cesoe«THE QUANITIES READ AT THIS POINT ARE DEFINED: INPU2LTO
CeeseoUGIM)= FREESTREAMF VELOCITY AT POSITION XiM), IF BOTH THE INPU2180
Cecons [ ANO E SURFACES ARE FREE-STREAN BOUNDARIES. UG{M) IS INPU2190
Cesasns THE FREE~STREAM VELOCITY ON THE E-SIDE AND MUST START INPU 2200
Cesnee OUY THE SAFE A4S U(NP3]}. INPU2210
Cocoens {IF THERE 1S ND FREE-STREAM READ IN A DUMMY INPU2220
Cecneca NUMBER FOR UGy OR ELSE LEAVE A BLANK) INPU2230
CocoacAM = MASS FLUX AT wALL, POSITIVE IN THE POSITIVE OIRECTION OF Y INPU2240
Cocnse {AM WILL NOT BE READ UNLESS THERE IS A wWALL.) INPL 2250
CoccoeFildyM)= VALUE OF PROPERTY OR FLUX OF PROPERTY AT BOUNDARY INPU 2260
Cosons NOTE THAT IF FJ IS A PROPERTY AT THE INPL2270
Cocone WALL (SUCH AS ENTHALPY), TYPBClJ} ,» ABOVE, MUST BE EQUAL INPU 2280
Ceovsos TO 1. IF FJ IS A FLUX AT THE WALL (SUCH AS HEAT FLUX]), INPU 2290
Ceenes TYPBC(J) MUST BE SETY EQUAL TO 2. IN THE LAYTER CASE, FJ INPU 2300
Ceceosa IS THE TOTAL FLUX OF THE PROPERTY IN QUESTIONy 1.E., THAY INPU2310

Covenen EVALUATED AT THE 'T-STATE' CONTROL SURFACE. THIS BECOMES OF INPU2320
Cossea PARTICULAR SIGNIFICANCE WHEN THERE IS5 MASS TRANSFER AT THE INPU 2330
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SURFACE. IF FJ IS A WALL FLUX, IT SHOULD BE POSITIVE INPU2340

IN THE POSITIVE DIRECTION OF THE COORDINATE SYSTEM, INPU 2350

FOR THE TURBULENT KINETIC ENERGY EQUATION SEY FJ=0.0 INPU2360

(FJ WILL NOT BE READ UNLESS THERE IS A4 wALL, AND WILL NOT INPU 2370

8E READ IF NEC IS 1) ) INPU2380

NOTE: IF FJ IS A WALL FLUX, AND IS ZERD (ADIABATIC WALL), SOMEINPU2390

ERROR MAY BE INTRODUCED BECAUSE THE DEPENDENT VARIABLE IN THE INPU2400

WALL FUNCTION IS NORMALIZED wITH RESPECT TO THE WALL FLUX. INPU2410

IT IS BETTER TO [NTRODUCE A SMALL WALL FLUX. (SUGGEST 0.0001} INPU2420

{NOTE THAT M 1S AN INTEGER VARYING FRGM L TO NXBC.) INPU2430

WRITEL64600) INPU 2440

DO 110 M=1,NX8BC INPU 2450

A STRENSR S S ABASSRRSREAD ONLY ONE OF THE FOLLOWING THREE. INPU 2460

IMAL NUMBERS, IN THE FORM OF A TABLE) INPU24T0

IF(KASE.EQ.1 cANDeNEQeGToLIREAD (5, 5801 UGIM} ¢ AMIM) 4 (FJ(Jy M) yJ=1,NPH) INPU248BO

IFIKASE.EQ.l ANDNEQ.EQ.1)READ(5,580) UGIM) s ANIM) INPU 2490

IF(KASE.EQ.2 )REAC(5,580)UG N} INPU2500

INPU2510

IFIKASE.EQel «AND .NEQ.GT.1IWRITE(6,610) My XINIoRWIMI UGI M), AMIM], INPU2520

AUXL(M) JAUX2 (M), EFJUIgM) yJ=]l )NPH) INPU 2530

[F(KASE.EQal sAND «NEQ.EQ.LIWRITE (6,610 0Ms XU M) yRWIM) JUG(M ), AM( M), INPU 2540

AUXL (M) ,AUX2{¥) INPU 2550

IFIKASE<EQe2IWRITE(6,610)MeX{M) g RWIM)I qUGHY) ¢ AUXLIM ), AUX2(M) INPU2560

NPLl=N¢l ' INPU25T0

NP2=N+2 INPU2580

NP3sN+3 INPU 2590

INITIAL PROFILE SPECIFICATION INPU2600

THE INITIAL VELOCITY PRIFILE ESTABLISHES THE GRID SPACING - INPU2610

AND THUS SOME CARE SHOULD BE EXERCISED IN LAYING IT OUT, INPU2620

THE PROGRAM IS NOT PARTICULARLY SENSITIVE TD UNEVENNESS INPU 2630

IN THE Y-INCREMENTS, BUT BIG CHANGES IN DELTA-v SHOULD INPU 2640

BE AVOIDED. INPU2650

FOR TURBULENT FLOW MEAR A WALL THE VALUE OF INPU 2660

USYSDENSITY/VISCOSITY AT THe FIRST PDINY NEXT TO THE INPU26T0

WALL SKOULD BE NOT LESS THAN ABOUT 200, UNLESS IT IS DESIREDINPU2680

TO BY-PASS THE WALL FUNCTION. IN THAT CASE THIS VALUE INPU2690

SHOULD BE LESS THAN 1.0, AND ABOUT 20 POINTS RATHER EVENLY INPU2700

SPACEDSHOULD BE USED OUT TO YPLUS EQUAL ABDUT 20.0. INPU2710

Y{I)s DISTANCE ALONG NORMAL TO BOUNDARY : INPY2T20

NOTE THAT ¥ IS MEASURED FROM THE I-BOUNDARY, INPU2730

TeEew Y(ll= 040, INPU2T40

U(t)= VELOCITY IN x-DIRECTION AT vil) INPU2T750

F(JoT)= VALUE OF CONSERYED QUANTITY AT v(I) INPU 2760

 NOTE: FOR THE TURBULENT KINETIC ENERGY EQUATION USE INPU2770

F(I,1)m0.0 AT THE WALL (IF ANY). THE REMAINDER OF INPU2T80

THE INITIAL TURBJLENT KINETIC PROFILE DEPENDS ON THE INPU2790

PROGLEM SPECIFICATIONS. IY CAN BE ALL ZERO. INPU2800

WRITE(6,760) INPU 2810

WMRITE(6,630) INPU 2820

sesddeserasednsss READ IN A TABLE OF Y AND Uy OR Y, U, AND F'S. INPU2830

IMAL NUMBERS) INPU 2840

IF(NEQ.EQ.1)GC TO 240 . - INPU2850

READ(5,580) Y1) UML)}, {FlJs1)eJd=1,NPH} INPU 2860

00 220 1=3,NP) INPU28T0

READ(5,580) Y(IVUIVo{F(Jel)eJ=loNPH) INPU2880

READ(S5,580) YINP3)UINP3), (FULJyNP3) ,J=1,)NPH) INPU2890

GO TO 255 INPU 2500

READ(5,580) Y(1),Ull) ’ - INPU2910

D0 250 1=3,NP1 INPU 2920

READ(5,580) YI(I),Utl) . INPU 2930
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READI5,580) Y(KP2),U(NP3) INPU2940

Coassse INPU 2950
255 NDUMB=] INPU 2960
IFINEQ.EQ.1)60 TO 265 INPU29TO
WRITE(S6, B8SOINDUMB,YIL1,Ull) (FilJsl)eJd=l,NPHI] INPUZ298B0

00 230 I=3,NP1 INPU 2990

230 WRITE(G6, BSOJT o YU{I)oULL)4(F{Js]),J=]l,NPH} INPU 3000
WRITE(6y BSOINPISYUINPI)JINP3) ((FUJ,NP3),sI=]1,NPH) INPU30O10

GO TQ 270 INPU3020

265 WRITEl&, 850) NDUMB,Y(1),U(l}) INPU 3030
D0 260 I=3,NP1 INPU 3040

260 WRITE(6, B50) IeY(ID),UL]) INPU 3050

" WRITE(G6y 850) NPI,YINPI),UINP3) INPU3060

270 CONTINUE INPU30T0
Ceses«sTURBULENT TRANSPORT CONSTANTS INPU3080
CessselF LAMINAR Bo.lLo. CNLYy READ IN DUMMY DATA. INPU3090
CeosoelF THERE IS NO WALL, READ IN DUMMY VALUES FJIR AK, APL, BPL INPU2100
Ceoese THE QUANTITIES READ AT THIS POINT ARE DEFINED: INPU3L110
Covaos AK= MIXING LENGTH CONSTANT KAPPA ( SUGGESTED VALUE=(Q,4l) INPUIL20
Ceonss ALMGG=» VALUE OF LAMBDA=YL/YG (TRY 0.085)(FDOR A INPU3130
Cessns BOUNDARY LAYER ON A wALL THIS VALUE IS OVERRIDEN AT LOW INPU3140
Cacecee REYNOLDS NUMBERS (BELOW APPROXIMATELY 6000) EXCEPT WHEN K2=3, INPU3150
Covsse FOR PIPE~-FLOW TRY 0,07) (wHEN THE CONSTANT EDDY INPU3160
Cooesne ODIFFUSIVITY CPTION IS USED THIS NUMBER IS A DUMMY) INPU31TO
Creass FR= DEFINES BOUNDARY LAYER THICKNESS (99% POINT=0.01) USED IN INPY3180
Coevnss THE OEFINITION OF ALMG (SUGGESTED VALUE=0.01l}. INPU3190
Cevesne AQ¢B8Q= CCNSTANTS IN THE TURBULENT XINETIC ENERGY EQUATION, OR INPU3200
Cesasnae CCNSTANTS IN THE EDDY ODIFFUSIVITY EQUATION. WHEN THE INPU3210
Cososnse CCNSTANT EDOY DIFFUSIVITY CGPTION IS USED, INPU 3220
Ceceas SEY K2=2, (FOR PIPE-FLOw TRY K222, AQ=,005, B8Q=0.9) IN®U3230
Cesonse NOTE: TO BE CONSISTENT FOR TURBULENT K.E.y AK MUST BE INPU3240
Coones EQUAL YO (AQ#%,75)/(BQ=%x25) INPU 3250
Casnsnse (SUGGEST 0.22 AND 0.377 FOR TKE. ALSO SUGGEST USE INPU 3260
Coasee PRT(J)I=1,7 FOR THE TURBULENT KINETIC ENERGY EQUATION.) INPU32TO
Cacanse YPMAX= MAXIMUM VALUE OF YPLUS TQU BE ALLIWED AT OQUTER EDGE OF INPU 3280
Ceosnsns WALL FUNCTION (SAY 50.0 FOR TURBULENT BL: USE 1.0 IF INPU3290
Coensne DESIRED TO BYPASS WALL FUNCTION, BUT THEN SET INPU320ON
Caonas YPMIN = 0.0. FOR STRONG PRESSURE GRADIENTS [T IS MORE INPU3310
Cevsves ACCURATE TO SET VYPMAX NO GREATER THAN 15 SINCE THE OE- [INPU3320
Ceoeoe PARTURE FRGM COUETTE FLOw OCCURS AT YERY LOw Ye. BEST INPU333D
Covssnas ACCURACY IS5 LUBTAINED WHEN YMAX=1.0 AND YPMIN=0.0, BUT INPU3340
Cosoee THE NUPMBER QOF FLOW TUBES MAY THEN BE YERY LARGE,) INPU3 350
Coeoes YPMIN= MINIMUR VALUE OF YPLUS TO BE ALLIWED AT OUTER EOGE INPU 3360
Cossns OF WALL FUNCTION FOR A TURBULENT BL (CAN BE 0.0) INPU33TO
C 208 30%2 ¢ 4Rtdt RN RS 4R N RRR SR ¢ ¢ SR EERSr SR 2SS st bk NPk bk b kbbb [NDY3380
C (DECIMAL NUMBERS) . INPU3390
READ(5,5080) AKX ALNGG )FRsAd¢BQe YPMAX,VPHIN INPU 3400
Ceonsnse INPU34L0
C READ IN Ae OR 8¢, IF A+ [5 GREATER THAN Bd¢+s PJOGRAM WILL USE VAN INPU3420
C ORIEST SCHEME FCR SURLAYER, AND B+ [> READ A3 MERELY A OUMMY NUM- INPU3430
C BER. If B+ IS GREATER THAN A+, PROGRAM wWILL USE THE EVANS SCHEME, INPU 3440
C THE PROGRAM WILL USE AN INTERNAL EMPIRICAL CORKRELATION FOR EFFECTS INPUI&S0
C OF PRESSURE GRADIENT, TRANSPIRATION, ETC.s BUT THIS ADODITIONAL COR- [INPU34G&EOD
C RECTION CAN BE SUPPRESSED IF ODCSIRED BY SETTING *SIGNAL' AT ANY NUM=- [NPU34LTO
C BER EQUAL T0 1.0. SUGGEST Ae=25 FUR FLAT SURFACE, 26 FOR FLOW INPU3480
C INSIDE A CIRCULAR TLEE. INPU3490
C s 3 0eR90 2Rt bt ¢ VRSN SR AR R S REC BB EsSS S0 s a R P ERR bbbk ks ndndnds [NPUI5)0
C (DEC IMAL NUMBERS) INPU3S10
READ(S,580)APL+BFL,SIGNAL INPU 1520
Coones ' INPU 3530
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KD=0 , INPU 3540

IF(APL.GE.BPL.ANC.SIGNAL.GE«1.0)KD=1 INPU3550
IFI{BPL.GE.APLIKD=2 INPU 3560
IFIBPL.GE.APL.ANLC.SIGNAL.GEL1.0)KD=3 INPU3STO
CesosesTHE QUANTITIES READ AT THIS POINT ARE DEFINED: INPU3SBO
Covsae PPLAG= A LAG CONSTYANT IN THE EFFcCTIVE VALUE OF PPLUS, GPLUS, INPU3590
Cesese USED IN THE EVALUAT{ON OF AP., OR 9PL, INPU3600
Cocnve {SUGGESTED VALUE = 4000.} 7 . INPU36I10
Coasene PRT(J) = TURBULENT TRANSFER RATIO FUR F{(J) (TRY .B6]) INPU2620
Cosnse NEAR A WALL THIS VALUE 1S OVZRRIDEN INSIDE THE INPU3630
Cosmas PROGRAM UNLESS K3 IS SET EQUAL TO 3, INPU3640
Cevesns SEE INFORMATION ON K3 BtlLJdw. INPU 3650
C tesssseesansanst it s sotnenns READ ONE JF THE FOLLOWING TwD INPU3660
C {DECIMAL NUMBERS) INPU3STO
IFINEQ.GT.1)READ{5,58Q) PPLAG, (PRT{J) 9J=1,NPH) INPU 3680
IF(NEQ.EQ.1)READ(5,580)PPLAG INPU 3650
Coossns INPU3T00
WRITEL6,T780) INPU3TIO
WRITE(6,8640) INPU3T20
WRITE(6+650) AK,ALMGG,FR,PPLAS+AQ,BQy YPMAX,YPHIN INPU3 730
IF(PPLAG.LT,400, INRITE(6,9901} INPU3T740
i1F(BO.LE.0.0IGC TC 275 INPY3TSO
IFINPH.LT,.L)GO TC 275 INPU3760
AKCHEC={AQ®**.T75) /(BQ**. 25} INPU3TTO
AKERR=ABS{AK~AXCHEC) INPLU 3780

x20=0 INPU3TSO

DO 274 J=leNPH INPU 3800

274 IF(SOURCE(J).EQ.2)K20=] : INPU38LO
IF(AXERR/AKoGTo0e01.AND.K20.EQd 1} WRITE(6,T10) - INPU 3820

215 RRITE(6,930) . INPU3 B30
WRITE(69940) APL,BPL, SIGNAL INPU 3840
IF(KD.EQ.OINRITE(6,950) INPU3B50
IFIKD.EQ.2}WRITE (6,955} INPU3BSD
IFINEQ.GT.1)WRITE(6,46460) INPU3BTO
IF{NEQ.GT.1IWRITE(64650) (| PRTIJIJ=1sNPH) . INPU383S0
Ceose+sREAD IN CONVERSICN CONSTANTS, AND ANY OTHER ARBITRARY DECIMAL CON-TNPU3R90D
CeeeseSTANTS THAT ARE CESIRED. INPU3900
Covsos GC= 32.2 IN BRITISH SYSTEM INPU39]L0
Casses CJ= 778.0 IN BRITISH SYSTEM INPY 3920
CesoeolF YOU USE A SYSTEM SUCH AS MKS, 3C=1.0 AnND CU=1.0. JUST USE INPU23Q30
Ceveooh CONSISTENT SYSTEM. THE PROGRAM WuUuRKS IN REAL WORLD O IMEN- INPU3S4D
CoeseosSIONS, NOT NCNOIMENSIONAL VARIABLES. B8E CAREFUL ABOUT THE INPL 3650
Coeves s CIMENSIONS OF VISCOSITY == . IN ENGLISH UNITS USE LBM/{SEC-FT). INPU3 960
Ceoees THE CONSTANTS AXX, BXX, ETCo+MAY BE LEFT BLANK IF THEY ARE NDTY INPU39TO
CesseoBEING EMPLOYELC FCR SOME SPECIAL PURPOSE INSIDE THE PROGRAM, INPL39A0
C .“‘l‘.‘..“"“"’..‘“‘.‘.‘.'“"“"'l““.‘..ii“‘t*‘“‘.‘t'*“t‘tlﬂpu 3990
C (DECIMAL NUMBERS) INPU4OOO
READ(5,580) CCoCJoAXXoBXXoCXXpDXX,yEXX INPU4O10
Cosees INPU&0D20
wRITE(6,790) INPU4030
WRITE(6,720) INPU 4040
WRITE(S6, 910) GCoCJIoAXXyBXXCXXoDXXyE XX INPU 4050

CesesoREAD IN THE NUMBER OF RUNS OF DATA THAT YJU WANT USED (NUMRUN) » INPU4060
CeeesoAND THE SPACING (NUMBER OF INTEGRATIUNS) JF THE OUTPUT DATA THAT INOU4LOT70
Cesoea¥YOU WANT PRINTED (SPACE). IF YOU SET SPACE=ll, AN ABBREVIATED INPU40OBO
CassesDATA SET WILL BE PRINTED JUT, OMITTING ALL PROFILES, 8UT INCLUDING INPU40%0
CeseosALL OTHER DATA AT EACH INTEGRATION. SETTING SPACE=2] WILL CAUSE 1INPU4L100
Ceesooh COMPLETE DATA SET TO BE PRINTED EVERY 20 INTEGRATIONS, AS WELL INPU4110
CoseosAS AN ABBREVIATEL SET EVERY INTEGRATION. (THESE OPTIONS LIMITED INPU&L20
CaveesTO OUT2, OUTA4). INPU 4130
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CosessREAD IN DESIRED CUTPUT SUBROUTINE (24 4, 6, ETCe) INPU4140
Ceves«SOME ADDITIONAL ARBITRARY INTEGERS, K1,K2,K3, MAY BE READ IN HERE INPU4150
CoveoeIF DESIRED ~ CTHERWISE LEAVE BLANK. IF X1 IS SET GREATER THAN 10, INPU4160
CeccccALL OUTPUTS WILL PRINT OQUF ONE TO FIVE SPECIALLY DESIGNATED PIECESINPU4LTO
CeveoaCF INFORMATICN, CESIGNATED AS SP(I). IF K3 [S SET EQUAL TO INPU4180
Ceeesed A VARIATION OF TURBULENT PR NEAR A WALL WILL BE SUPRESSED, SEE INPU4190
CoeeaesPRT(J) ABOVE. SETTING K2 EQUAL TO 3 WILL DO THE SAME THING FOR INPU 4200

CoseeeALMGG. 7 INPU&210
CeasoelF K2 IS SET EQUAL TO 2, PROGRAM wWILL USE A CONSTANT EDDY DIF- INPU4220
CeeaeofUSIVITY IN THE CUTER REGION, INSTEAD OF A CONSTANT MIXING- INPU4230

CoveadLENGTH. IT WILL BE EVALUATED FROM THE EQUATION, EDR=AQ#REM®¢BQ, INPU4240
CosesoWHERE REM IS MCMENTUM THICKNESS REYNOLDS NUMBER, OR PIPE DIAMETER INPU4250
Covvs «REYNOLOS NUMEER. ODONT USE THIS OPTION IF FREE-STREAM VELOCITY INPU&260
CeasaelS ZERO (SEE CCMMENT ON AQ,BQ). INPUS2T70
CossselF KL IS SET EQUAL TO 9 0 20, DELTAX BECOMES EQUAL TO AUXL1(M), INPU4280
CeesssAND THE ORIGINAL INPUT VALUE OF DELTAX IS OVERRIDDEN. THIS ALLOWSINPU4290

CoeeoeosDELTAX TO VARY WITH X. INPU4300
CoesonslSEE PRESSURE GRADIENT CALCULATION IN MAIN FOR K1=15) INPU43]10
C *“"."“““.‘““"”“..'.".‘."I““‘..‘..t‘”.‘t““““““t*‘INQU"BZO
C (INTEGERS) INPU4330
READ(S4585) NUMRUN,SPACE(QUTPUT,K1,K2,K3 INPU 4340
Coscsoe INPL4350
WRITE(&,T730) . INPU43K0
WRITEL62740) NUMRUN,SPACE,QUTPUT ,K1,K2,K3 INPU43TO
IF(GEOM.EQ.4.,0R.GECM.EQ.5)G0 TO 11 INPU 4380

IF{K2 .NE+3 . AND.KASE.EQ.1.AND.K2.NE. 2. AND.MODE.EQ.2IWRITE(6,960) INPU&390

11 CONVINUE . INPU4400
K10=0 INPU4410
IF(K10.,EQulo AND.NEQeGTo1oAND.MODE.EQ.2)WRITE(6,970) INPU4430

IF(K1 +€Qe20.CReK1.EQ.IWRITE(6,992) INPU4440
Ceceosn ) INPU4450
Censes INPUT DATA ERROR CHECK INPU&460
Cevnes INPU4S4LTO
IF(XUelTeX{1}eOReXLaGToXINXBC) INRITEL6,502) INPU 4480
TF(XULToXC1)o0RXLoGT.X(NXBCJ) )IKERROR=3 INPU4490
[IFIXU.GEXL)WRITE(&,500) INPU4500
IF(XU.GE.XL)XERRCR=) INPU4510
IF{YINPI}.GT.0.10(X(2)=X{1L))IWRITE(S,522) INPU4S20
IF{BQelTa04 ) KERRCR=5 INPU4540
IFIGC.LT.0.5)KERRCR=5 INPU4550
IF(OUTPUT.LT.1)IKERRDR=S INPU4560
IFIKEX.EQ.s1.AND.UINP3).6GT.0.0)KERRUR=S INPU4580
IFINEQ.GTL0)GC TC 13 ’ INPU4590
IFCTYPBC{1).LT.1)KERROR=S INPU&LS00O

13 IFI{GEOM.LT .6 AND.RW(]1}.EQ.0.0)KERROK=S INPU4610
IF{GC.EQ.0.0.0R.CJ.EQ.0.0)KERROR=5 INPU4620
IF(SPACE.EQ.O0}KERROR=S INPU4S30
IFIKERRORCEQ.5IHRITE(6,502) INPUASG40D
IF{MODE.EQ.1)GO TC 15 INPIJ4650

IF{AK LT :025.0RAK.GT..6)WRITE (6, 504) INPU 4660

15 CO0 16 M=2,NXBC INPU46BO

16 IF(X{M) oL TeX{M=1))IKERRGRa] INPU4690

T IF(Y(3) LT Y(1) ) KERROR=] INPU4LTOO

00 18 1=4,NP] INPUAT1O

18 TF{Y(I)eLELY{1-1))IKERROR=] INPULT20

) IF(YINP3).LT.Y{(NP]1)IKERROR=] INPU4T30
IF(KERROR.EQ.1IWRITE( 4,507} INPU4T40
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IF(GEOM.EQ.4«AND . KIN.NE.3 ) KERROR=2 INPU4T50

IF(GEOM.EQ+5AND .XIN.NE.3} KERROR=2 INPU4T60
IFIGEOM.EQ+3 . AKD . KIN.NE.2) KERROR=Z2 INPUATTO
IF(GEDMEQe2AND<XIN.NE.1) KERROR=2 ' INPU&TB0
IF(KINGEQe 1o ANDo KEX,EQe1 IKERROR=2 INPU4T90
IF(MOOE 6T o2 .OR.GECN.LT.1 I KERROR=22 INPU4B0OO
IF(KERROR.EQ.2)INRITE{6,508) INPU 4810
IF{{YPMAX=YPFIN) .LE.O.0)KERROR=6 INPU4820
IF((YPMAX-YPMIN) .LE. YPMIN) KERRQR=6 INPU4B30
IFIKERRORLEQ.6IWRITE(6,527) ) INPU4B4O

500 FORMAT(//* PROGRAM TERMINATED BECAUSE EITHER XU OR XL WERE*'/ INPU 4850
1% OUTSIOE OF THE RANGE OF THE INPUT DATA, OR ELSE xu'/ INPU4B60

2% WAS INPUT AS GREATER THAN XL'7//) INPU4BTO
502 FORMAT(//' PROGRAM TERMINATED BECAUSE OF INSUFFICIENT OR TOO '/ INPUARBD
1* MANY CATA CARDS, OR SOME OTHER INPUT ERROR'//) INPU4A 890

504 FORMAT(//* PROGRAM TERMINATED BECAUSE AK AAS ASSUMED AN ABSURD'/ INPU4900
1' VALUE, CAUSED EITHER BY WRONG INPUT OR IMPROPER ATTENTION TN/ INPU4S10

2' FORMATING CF SCME OF THE INPUT DATA*//) INPU 4920
505 FORMAT(18A%) INPU4930
506 FORMATI1Hl,1X,18A4) INPU4940

507 FORMAT(//' PROGRAP TERMINATED BECAUSE THE INPUT VALUES OF EITHER'/INPU4950
1° X{(M) OR Y(I} ARE NOT IN MONOTONIC SEQUENCE, OR ELSE THERE IS'/ [INPU4960

2' SOME OTHER INPUT FORMATING ERROR THAT HAS FORCED THESE'/ INPU&STO
29 QUANTITIES OLT OF ORDER'//) INPU4980
508 FORMAT(//¢ PROGRAM TERMINATED BECAUSE IT IS EITHER NOT'/ INPU 4990
1* YET COMPLETELY SET UP TD HANDLE THIS PARTICULAR'/ INPUS5000
2% GEOMETRY, OR ELSE THE COMBINATION OF KEX ANO KIN®/ INOUS5010
3¢ IS NOT POSSIBLE IN THIS VERSION OF THE PRIGRAM®//} INPUS5020
510 FORMAT(/50H CECMETRY MODE FLUID Ned N KEX KIN ) INPUSO20
520 FORMAT(4Xo12¢5Xe 11s8Xo1294Xs1292Ke12¢3X0114KX,11) INPU 5040
522 FORMAT(//* THE. INITIAL BOUNDARY LAYER IS RATHER THICK RELATIVE!/ INPUS050
1 YO THE SPACING CF THE BOUNDARY CONDITION POINTS. THIS MAY*/ INPU SQ60
2% LEAD TO TROUBLES, ESPECIALLY WITH PRESSJRE GRADIENT.*//) INPUSOTO
525 FORMAT(/* ENTRAINRENT BASED ON MOMENTUM EQUATION ONLY.') INPUS080
€26 FORMAT(/* ENTRATAMENT BASED ON BEHAVIGR JF ALL EQUATIONS.'") INPUS0S0
£E27 FORMAT(//* PROGRAM TERMINATED BECAUSE YPMAX IS TOO SMALL.'/ lNPUSfOO
1° OR THERE IS SOME OTHER RELATED INPUT ERROR.'//) INPYS110
540 FORMAT(/107H xy XL DELTAX TRANSITION REYNOLDS NO. INPUS5120
1 FRA ENTRAINMENY FRACTION GRAVITY CONSTANT ) INPUS130
550 FORMATI2X F603¢3X,FTo30eX,F5.2909KoFTolyt2XeF5.348XeFT.4411X,FTe2, INPUSY40
18X¢FTal /) INPUS515D
STQ FORMAY (60H NXBC TYP8C1 TYPaCz TYPBCI TYP8C4 TYPBINPU5160
1€5 ) ) INPUS1TO
580 FORMAT(TF10.0) INDUS180
585 FORMAY(E15]) INPU5190
590 FORMAT{T4,10X,12,8X,12+8Xy12¢8X,12+8X,12) INPUH5200
€¢0C FORMAT(/,120F L X(M) KiwiM} UGin) AM(MI A INPUS210
1UX1{M) AUX2 (M) FJi1, M) FJL2,M) FJ(3,M) Flla M) FJLS5,M) INPUS5220
2 ) ) INPUS230
é10 FORMAT(3X,1296XyFT1e3¢1XsF9e391XyFLlO.3,FL0.3,F10.3,F10.3,F10.3, INPU 5240
1F10.3,F10.3,F10.3,F10.3) INPUS 250
€30 FORMAY(80H I Y(l} vl Ftis 1) FL2,1} F(3, INPU5260
11} Fla, 1) FiS5,1) /) INPYS527D
€40 FORMAT(/495H KAPPA LAMBDA FR LAG CONSTANT AQ INPUS280
18Q MAX, YPLLS IN WF MINe. YPLUS IN wF) INPU 5290
650 FORMATCLX FTo%s3XoFToty3XsFTa®s3XsFTe2)3XeFTad1IKeFTaky4XoFBe3y INPUS A0
111X, FTade/) INPUS5 310
660 FORMAT(/,50H PRTI(11} PRTI12) PrT(3) PRY(4) PRT{5) ) INPUS320
680 FORMAT(/68H DENSITY VISCOSITY PACLL) PRC (2} PRCI3} PP INOUS330
1C{4) PRC(5)) ’ INPU 5340
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690 FORMAT(LIX o FB8a4p3XeF947¢3XsFB8a393X,F0a3e3XsF0e313XeF6,393XsFb.3,/) TNPUSISD

700 FORMAT (/! INITIAL STATIC PRESSURL ") INPUS 36D
710 FORMAT(//" wWARNIMNG: THE INPUT VALUES GF aK, AQ, AND 8Q, ARE'/ INPUIS3TD

1? INCONSISTENT/ /) INPUSIBD
720 FORMAT(/,107F C-SLB=-C J L AXX INCUY539)

1 B8 XX CxXX D&X Exx) INPUSGN0
730 FORMAT(/,81H NC. OF RUNS OF 0aATA PRITOUT SPACING NUTPU INPUSL]O0

17 QPTION Kl K2 X3} e o INPUS420
T40 FORMAT{L3X,12922X912015Ke12910XK2I5415¢1547) INPUS41D
750 FORMAT(/% CCNSTANT FLUID PROPERTIES ARt BEING USED') INPUS440
760 FORMAT(/* INITIAL PROFILESY/Z) INPUSSSO
T70 FORMAT(/* BOUNCARY CONDITIONS ALONG I- AMD c-SURFACES*/) INPUS460
780 FORMAY(/* TURBULENCE CONSTANTS ') INPUSLTD
790 FORMAT(/* DIMENSIONING SYSTEM CONSTANTS ARBITRARY [NDIIS480

1CONSTANTSH) . . . o INPU54QD
800 FORMAT(/® TrE FLUID IS AIR (KEENAN ANJ KAYE GAS TABLES)') INPYS5500
820 FORMAT(/63H BNCY-FCRCE SJURCE(L) SUURCE(2) SOURCE(3) SOURCEt4) SOUINPUSSIO

1RCE(S) ) INPLISS20
830 FORMATISX 129X 0 119X eIl e OXelleOXoIle9x,ll,/) INPYS5530
850 FORMAT(3X T 207X FT1e5,2XsFTe2sFL0e39sXoFiVe3ylX,FL10.3,F11.3,1X,F10 [NPU55«D

1.3) [NPUS550
870 FORMAT(1X FB.4s3XsFS9.74/) INPYS560
890 FORMAT(38H NXBC (NUMBER QF SPECIFIED BC PCINTSIH) INOYSST0
900 FORMATU10X,F10.2) INPUSS8D
G10 FORMAT{2X,F4.1sTx¢FS5.1)18Xy5F15.4) {NOYS590
920 FORMAT(/* PRCGRAM TERMINATED BECAUSE NXB( wWAS READ AS A?/ INPUS60D

10 NUMBER LESS THAN 2, wHICH IS5 NOT aLLJIWED.'//) {NPUSE10
$30 FORMAT(/* APLUS B8PLUS SIGNAL *) . : INPUS620
940 FORMAT{4X FEe208X,Fb.2)4X9Fbe21) INPUS630
950 FORMAT{/* THE PRCOGRAM IS USING AN INTERNAL CURRELATION YO ¢t/ INPUSH4LO0

1* ACCOUNT FOR THE INFLUENCE QF PRESSURE GRADISENT AND TRANSPIR-1/ [NPUS54S)

2° ATION ON APLLS*) INOUS660

555 FORMAT(/* THE PROGRAM IS USING AN INTERNAL CORRELATION TO '/ INPUSAHTO
1' ACCOUNT FOR THE INFLUENCE OF PRESSURE GRADIENT AND TRANSPIR-'/ INPUS5680

2' ON BPLUS*) , INPY5690
S60 FORMAT(®* IF RENM [S LESS THAN ABOUT 6000,/ INPUSTOO
1¢ LANBDA IS EEINC COMPUTED BY AN INTERNAL EQUATION.'/) INPUST10
ST0 FORMAT{* PRT NEAR THE WALL IS BEING'/ INPUST20
1* EVALUATED BY AN INTERNAL EQUATION, EXCEPT WHEN PRT IS FOR'/ IN2US5730
2° THE TURSULENT kE EQUATION.*/]} INPU5T40

‘980 FORMAT(/' PROGRAM WILL BUMB OUT BECAUSE N IS GREATER THAN 40.°'/) INPU5750
990 FORMAT(/® If THE LAG CONSTANT IS LES3 THAN %00, IT [S TREATED!/  INPUS5760

1% AS IF 1T WERE ZERQ.'/) INPUSTT0
692 FORMAT(/' DELTAX IS BEING OVERRIDUEN BY AJXL(M).*/) INPUST780
RETURN INPUST90
END INOU5800
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Appendix IV
SAMPLE DATA SETS

1. EXTERLAL LAMIUAT BOUNDAPY LAYER, NG PPESSURE CPATIENT (R TRANSPIPAT|CY
2. 1 1 1 1 24 2 1

5, 0.023 0.320 1. 300, 0.05 0.003

4. 0

5. 2117. 0,075 0.000D12

6. 2

7. 0.023 1,

8. 0.320 1.

9. 50.

10. 50.

11. 0.0 0.0

12, 0.000062 3.1
13, 0,060123 6.2

14, 0.000185 9.3
15, 0.000247 12.3
16, 0.000308 15.3
17. 0.000370 18.3
18, 0.000432 21.1

19, 0.000493 23.9
20, 0.000555 26.7
21. 0.000617 29.2
22, 0.000678 31,7

23. 0.000740 3u4.3

24, 0.000802 36.&
25, 0.000863 38.5
26. 0.000925 L4O0.7

27. " 0.000987 4L2.3

28, 0.001050 43,9

29, 0.001110 &5.6
30. 0.001170 46,7

31, 0.001230 47,8 .
32. 0.001300 48.9
33. 0.001360 L9.3 : E
3, 0.001420 49.7
35, 0.001480 50.0

36. 0.41 0.085 0.01 0. 0. 1. 0.
37, 25, 0.

38. 4000. 0.

39, 32,2 778.
LO. 1 21 2

Ll.

42,
“31

b, NOTE: MOMENTUM EQUATION ONLY 1S BEING SOLVED. A TRANSITION TO A
L5, TURBULENT BOUNDARY LAYER WILL OCCUR WHEN RE! REACHES 300.
L6, Al ENTRAINMEMT FRACTION OF 0.003 IS RECOMENDED FOR LAMINAR
L7, BOUNDARY LAYER FLOWS,
0 1
OF SINAL PAGE 1§
POOR QuALITY
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1. EXTERNAL TURBULENT BOUNDARY LAYER, NO PRESSURE GRADIENT OR TRANSPIRATIONM
2. 1 2 1 2 15 2 1 1

3. 0.0 L.0 1.0 0.0 n.05 .005

b, 0 0

5. 2117, 0.075 0.000012 0.7

6. 2 1

7. 0.0 1.0

8. L.0 1.0

9. 110, 100,

10. 110, 100.
11, 0.0 0.9 100.

12, 0.0024 73, 173.

13, 0.003% 81. 181,

14, 0,.0044 85, 185,
15, 0.0605% 88, 188,

16, 0.0066 91, 181,

17, 0.0078 93, 193,

18, 0.0088 96, 196,

19, 0.01 98, 198.

20, 0.0112 93, 19§,

21, 0.0122 101, 201,

22, 0.0134 102, 202,

23, 0.01uk4 104, 204,

24, 0.0166 106, 206.

25, 0.0188 108, 208,

27. 0.0232 110. 210,

28. 0.4l 0.085 .01 0.0 0.0 1.0 0.0
29, 25,
30. 4000. 0.86

31. 32,2 778.0

32, 1 21 2

33.

34,

35.

36. HOTE: THIS DATA IS SET UP FOR CONSTANT PROPERTIES; IF FLUID IS CHAMGED
37, TO 2, VARIABLE PROPERTIES OF AIR WILL BE USED, CONSISTANT WITH
38. THE SPECIFIED PRESSURE AND ENTHALPIES.

39,

40. WITH YPMAX SET TO 1.0, THE WALL FUNCTION IS BEING BYPASSED AND
bl. THE PROGRAM WILL INSERT A NUMBER OF ADDITIONAL GRID POINTS, |IF
L2, {T IS DESIRED TO USE THE WALL FUNCTION OPTION, CHANGE YPMAX,
43,
b, THE MIXING-LENGTH SCHEME, WITH VAN DRIEST DAMPING 1S USED THRCUG
L5, OUT THE BOUNDARY LAYER,
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1, EXTERNAL TURBULENT BOUNDARY LAYER, USING TURBULENT KINETIC ENERGY
2. 1 2 1 2 15 2 1 1
3, 0.0 4,0 1.0 300. NS . 005
4, 0 2
5. 2117, 0.075 0.000012 1.0
6. 2 1
7. 0.0 1.0
8. 4,0 1.0
9, 110, 0.
10. 110. 0.
11, 0.0 0. Q.
12, 0.0024 73. 73.
13, 0.0034 81, 71.
1y, 0.004% 85, 67.
15, 0.0056 88, 62.
16. 0.0066 91, 57.
17, 0.0078 93. 52,
18, 0.0088 96, L7,
19, 0.01 98. ul.
20, 0.0112 99. 36.
21, 0.0122 101, 31.
22, 0.0134 102, 26,
23, 0.0144 104, 21.
24, 0.0166 106. 13,
25, 0.0188 108, 5.
26, 0.0232 110, 0.
27, 0.ul1 0.085 .01 .22 377 1.0 0.0
28, 25.0
29, 4000, 1.7
30. 32,2 778.0
31, 21 2
32,
33,
34,
35. NOTE: MOMENTUM AND TURBULENT KINETIC ENERGY EQUATION ARE BEING SOLVED,
36, THE THERMAL ENERGY EQUAT!ON CAN BE ADDED AS A THIRD EQUATION AS
37. DESIRED. SEE PREVIOUS NOTE ON YPMAX,
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13.

Ll el ]
N OWONO VT E W

[y
&
.

LAMI?AR F%OW l? A CIRCULAR PIPE, ENTRY LENGTH PROBLEM
1 3

0.0
0.022
0.034
0,039
0.043
0.047
0,051
0.055
0.058
0.061
0,064
0.067
0.070
0.073
0.076
0.078
0.080
0.082
0.084
0.086
0.088
0.090
0.092
0.094
0.096
0,098
0.0985
0.0988
0.0991
0,0994
0.0987
0.100
0.0
0.0
0.0
32.2

NOTE :

NOOOO&ENOOOCOOWOEIOOI0000 0 0000 00CE 0000 0000 OO0 0000 00 oo 0o Co
“J® * o % % + e 8 e s e 8 5 & s & s e & o ° 8w e @

WO OO
-

L ol =

21

2 31
1.0

0.000012

120,
120.
120,
120.
120.
120.
120,
120,
120.
120,
120.
120.
120,
1240.
120,
120,
120,
120.
120.
120-
120,
120,
120.
120.
120,
120,
120.
180.
240,
0.ul

THE FOREWARD STEP SIZE

A TABLE OF

AUX1(M),
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2000, .05
0.7
0.0 0.0 1.0

15 HERF BEING VARIEL USING Kl
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0O ~JON VL E WK

TURBULENT FLOW IN A CIRCULAR PIPE

N
0.0

0
2117,

2
0.0
g.

0.0
0.010
0.020
0.030
0.035
0.0u40
0.045
0.050
0.055
0.060
0.065
0.070
0.075
0.080
0.085
0.090
0,095
0.10
0.41
26,
4000,
32,2

NOTE:

2 1 2 17 1 3
L0 1.0 2000. .05
0
0.075 0.000012 0,7
2
0.1
0.1
=2,
-2,
113, 137,
112. 139,
109, 143,
106, 148,
105, 149,
103, 151,
102, 153,
100, 155,
99, 158.
95. 162.
94, 164,
91. 168.
89, 172,
87. 175,
8u. 179,
80, 185,
73, 193,
0. 200,
0.075 0.01 0.005 6.9 4o, 0.0
0.86
778.0
21 L

HERE EDDY VISCOSITY IN THE OUTER REGION IS BEING COMPUTED
AS A CONSTANT BASED ON REYNOLDS NUMBER RATHER THAN USING

A MIXING-LENGTH.

HEAT FLUX IS SPECIFIED AT THE WALL (AS A

CONSTANT VALUE) RATHER THAN WALL ENTHALPY AS IN THE PREVIOUS
EXAMPLES. WALL FUNCTION 1S BEING USED IN NEAR-WALL REGION.
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s8.

LAMINAR FREE CONVECTION FROM A VERTICAL FLAT PLATE

1 1 2 31 2 1 0
0.0 3.0 .5 1.0 .01 .01 -32,
1 0
2117,
2 1
0.0 L.v
3.0 L.0
.0001 .0 138.06
.0001 0.0 138.60
0.0 0.0 138.66
.2525E-03 .0165 138,47
Lu208E-03 .0276 138,34
+SOLYE-D3 L0331 138.26
.6350E-03 .0ul 138,16
.7651E-03 . 0507 135,06
1.017€-03 .0672 137,87
1.270€-03 .0838 137,66
1,.530E-03 L1014 157,46
1.783E-03 L1179 137.27
2,035E-03 L1344 157.06
2,295E~-03 .1521 136.74
2.548E-03 .1686 136.07
2.800E-03 .1851 136,46
3.060€E-03 .2028 136.14
3.313E-03 .2193 136.07
3.565€-03 .2358 135.86
3,826E~-03 L2424 135,66
4.208E-03 .2645 135,36
4,591€-03 .2755 135.00
5.35bE-03 .2865 134,46
6.121E-03 .2875 133,938
7.651€E-03 .3053 132.90
9.181E-03 .2975 132,06
12.24E-03 .2535 130.38
16.07€-~03 .1708 128.82
19.89E-03 .1102 127.74
23,72E-03 .0628 127.26
27.5LE-03 .0331 127,02
31,37E-03 .0198 126.88
35.19€-03 .0088 126,72
38.26E-03 .0001 126.66
0.0 0.0 .01 U,0 0.u 1.0 0.0
0.0
0.0 0.0
32,2 778.0
1 20 6

MOTE: A LARGE ENTRAINMENT FRACT!ON IS USED, AS DISCUSSED IN

THE TEXT. A FINITE FREE-STREAM VELOCITY IS USED, BUT THE
PROGRAM WILL GENERALLY OPERATE SATISFACTORILY WITH A
ZERO VALUE IF THE ENTRAINMENT FRACTION IS NOT TOO SMALL.

AN E-FORMAT 1S HERE USED FOR THE Y-DISTANCES, FOR CONVEN-

1ENCE (IT OVERRIDES THE F-FORMAT SPECIFICATION, BUT THE
NUMBERS MUST BE JUSTIFIED TO THE RIGHT OF THE 10 SPACE
FIELD). SET RETRAN=1.0 FOR LAMINAR FREE CONVECTION FLOWS,
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1. FLOW 11l A SUPERSONIC NOZZLE, PRESCRIPED CORE VLLCCITY DISTRIBUTIOM
2. 3 2 2 2 20 1 2 U
3. -0.1783 1.0358 0.25 200, 0.01 0.01
L. 0 1

5. 2980.8

b. L0 1

7. -.17853 0.2085

8. 0.0208 0.2083

9. 0.0416 0.2083

10, 0.1692 0.1864

11, 0.2888 0.1650

12, 0.3767 0.1503

13, O.L4uB 6.1385

14, 0.4994 0,1291

15. 0.54LL3 0.1213

16. 0.5805 0.1150
17. 0.61 0.1088

18. 0.6356 0.1054

19. 0.658 0.1015

20. 0.6952 0.0951

21. 0.7249 0.089

22, 0.7491 0.0857

23, 0.7691 0.0822

2L, 0.7931 0.0781
25, 0.8117 0.0748
26. 0.8261 0.0723

27. 0.8457 0.0689
28, 0.8545 0.0674

29. 0.8603 0.Ubuk

30. 0.8616 0.0664
31. 0.8655 0.0671

32. 0.8731 0.0684

33, 0.8882 0.071
34. 0.9071 0.0743
35, 0.9388 0.07498

36. 0.9775 0.0865
37, 1.0229 0.09L4

38. 1.0751 0.1035

39, 1.1038 0.1085

Lo. 1.1341 0.1137

L1. 1.1999 0.1251

L2, 1.2726 0,1378

L3, 1,3524 0.1516

Ly, 1.L394 0.1667

45. 1.5334 0.183

Lo, 1.6358 0.2008

L7, 0123.78 150.69
La. 0123.78 150.69
49. 0123.78 150.69
50. 0151.85 150.69
51. 0189.74 150,69
52. 0227.59 150.69
53. 0265,38 150,69
54, 0303,13 150,69
55. 0340.77 150.69
56. 0378.36 150.69
57. 0415.85 150,69
58. 0453,25 150.69
59, 0490.53 150.69
60. 0564.75 © 150.69
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61.
62,
63,
64,
65.
66.
67,
68.
69,
70,
71,
72,
13,
74,
15,
76,
77.
78,
79,
80,
81.
82,
83,
8k,

86,
87.
88.
89,
90,
9l.
gz.
93,
sS4,
95,
96,
97,
98,
89,
100,
101,
102,
103,
104,
105,
106,
107,
108,
109,
110.
111,
112.
113,
114,
115,
116,
117,
118,

0638.42
0711.56
0784.02
0891,38
0996,99
1100.7
1301,7
1446.5
1631,
1805.2
1969,
2122.2
2310.7
2L71.4
2663.2
2831.4
2978.6
3107.4
3165.7
3220.1
3318.6
3405,3
5481.4
3548.5
3607.8
3660.4
0.00000
0.00373
0.00746
0.0112
0.01493
0.01867
0.02053
0.0224
0.02427
0.02614
0.028
0.02987
0.03174
0,03360
0.03547
0.03734
0.0392
0.04107
D.0L294
0.0uL8
0.04667
0.41
25,
4000,
32.2

1

NOTE:

150.69
150.69
150.69
150,69
150.69
150,69
150,689
150,69
150,69
150,69
150,69
150,69
150,69
150,69
150.69
150,69
150,69
150,69
150,69
150,689
150.69
150,68
150,69
150.69
150,69
150,69
123,730 369.17
122,31 369,17
120,73 369.17
119,02 366,42
117.1% 363.02
115.07 359,26
113,94 357.21
112,74 355,04
111.46 352,72
110,08 350,22
108,59 347,52
106,97 344,58
105.18 341,35
103,2 337.74
100,95 333.67
98.354 328.96
95.268 323,37
91.432 316,42
86.286 307,09
78,152 292,35

00,000 150,69

0.085 0.01 0.0 0.0 1.0 0.0
0.86

778.
5 6

VARIABLE PROPERTIES OF AIR ARE BEING COMPUTED USING SUBRCUTINE
PROP2, THE FLOW 1S AN AXI-SYMMETRIC BOUMDARY LAYER AND THE
WALL RADIUS IS BEING CONSIDERED (fREOM=3). NOTE CHANGE 1K FRA,
ENFRA,

1 2 8 NASA- Langleyv, 1976



